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Occurrence of trans-Unsaturated Acids in the Faecal 
Lipids of Ruminants and non-Ruminants 


pr li. 


HARTMAN anp F. 


B. SHORLAND 


Fats Research Laboratory, 


AND 


B. CLEVERLEY 
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After the identification of 5-10 % of trans-unsatur- 
ated acids, mainly elaidic (trans-octadec-9-enoic) 
and vaccenic (trans-octadec-1ll-enoic), in ox fat 
(Swern, Knight & Eddy, 1952), it has been shown 
(Hartman, Shorland & Me- 
1955) that substantial amounts of 


fats of 


in this Laboratory 
Donald, 1954, 
these acids appear in the depot other 
ruminants (3-5-11-2%) and in certain marsupials 
(18-1-21-0%), but less than 1 % in non-ruminants. 
Their presence has been attributed (Hartman et al. 
1954) to the activity of rumen micro-organisms 
which, as first demonstrated by Reiser (1951), are 
efficient hydrogenators. Since hydrogenation is 
known to be accompanied by partial formation of 


trans isomers (Hilditch & Vidyarthi, 1929) bac- 


terial action could account for the presence of 
trans acids in the fats of ruminants and certain 
marsupials, the stomachs of which contain a 


microbial population (Moir, Somers, Sharman & 
Waring, 1954). 

In the large intestines of both ruminants and 
non-ruminents there is a rich bacterial flora and a 
strongly reducing atmosphere, which in the light of 
the above-mentioned suggestion of Hartman et al. 
(1954) should be conducive to trans isomerization 
of unsaturated fatty acids. To obtain information 
on this point faecal lipids from a number of 
ruminants and non-ruminants were examined for 
their contents of trans acids. The present paper 
reports the results of this investigation. 


MATERIALS AND METHODS 


Fresh faeces, collected from animals specified in Table 1, 
were immersed in boiling 95% ethanol and refluxed for 
Shr. to effect sterilization. The wild rabbit is known to 
produce two kinds of faeces: soft mucus-coated pellets, 
which are reingested (Watson, 1954), and normal hard 


droppings. Soft pellets were taken from the stomachs of 


freshly killed animals, whereas hard droppings were col- 
lected from caged animals. 

After the evaporation of the solvent the residues were 
dried in vacuo on a water bath and extracted in a Soxhlet 
apparatus with methanol-light petroleum (b.p. 40-60°) 
(2:1, v/v). The solvents were removed, the residues dis- 
solved in light petroleum and the lipids recovered by 


1 


evaporating the solvent in vacuo. The lipids were saponified 
with ethanolic potassium hydroxide and the unsaponifi 
able matter was extracted according to the standard 
method of the Society of Public Analysts (1933). The fatty 
acids recovered from the soaps were purified by passing 
them through silicic acid, according to the procedure of 
Borgstré6m (1952) suitably modified, and their character 
istics were determined. A similar procedure was applied 
to lipids obtained from dietary materials to determine their 
contents of trans-unsaturated acids, which, however, were 
found to be insignificant. 

The analysis of trans-unsaturated acids was performed by 
the infrared technique as described in a previous paper 
(Hartman et al. 1955), but the instrument settings of the 
Perkin-Elmer model 21 spectrometer were as follows: gain 
8-5, response 4:4, slit fixed at 157; the scanning speed 
was 32 min./100 cm.-! between 1040 and 960 cm.-! and 
86 min./100 cm.-! between 960 and 900 cm.-}, 
scanning near the 
carboxyl-group absorption at 935 cm.—! where black-out 
conditions become most apparent. The base-line technique 


the slower 


being necessary maximum of the 


of measuring optical density was used between 1010 and 
930 cm.-! The specific-extinction coefficient obtained for 
pure elaidic acid was 0-500. The accuracy of results for 
trans acids is within +0-5% expressed as elaidic acid. 

The contents of dienoic and trienoic acids were deter- 
mined spectroscopically by the method of Brice, Swain, 
Herb, Nichols & Riemenschneider (1952). 

The fatty acid fraction obtained from faecal lipids of the 
horse was subjected to a more detailed treatment than other 
samples, with the object of obtaining concentrates of 
trans acids. The acids (32-7 g.) were crystallized from 
and three times at —35°. 
The combined mother liquors contained the acetone 


acetone (500 ml.) once at — 20 


soluble fractions (15-2 g.) which comprised the bulk of 
trans acids. After the evaporation of the solvent the acids 
were converted into their methyl esters. The methyl esters 
were fractionated in vacuo; the two main fractions with 
iodine values of 60-80 were bulked, mixed with an equal 
weight of methyl arachidate to displace the material other- 
wise held up in the column during the fractionation, and 
refractionated. This fractionation led to a concentrate con- 
taining 45-6% of trans acids. The difficulty of obtaining 
high concentrations of trans acid mixtures has been 
described by Cornwell, Backderf, Wilson & Brown (1953). 

Since the dry matter of faeces is known to contain a 
large proportion of bacteria, it appeared desirable to 


determine the distribution of trans acids between bacterial 
and non-bacterial lipids. These separations were carried out 
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Table 2. 





TRANS-UNSATURATED ACIDS IN FAECAL LIPIDS 3 


Contents of dienoic and trienoic acids in fatty acids from animal faeces 


Values are expressed as % (w/w) of total fatty acids. 


Conjugated acids 


Species Dienoic 
Horse 1-2 
Domestic rabbit 2-9 
(hard pellets) 


Wild rabbit 


Hard pellets 3-7 
Soft pellets 1-8 
Rat 2-6 
Cow 1-7 
Sheep 1-0 


Table 3. 


Non-conjugated acids 


Trienoic Dienoic Trienoic 


Nil 0-7 0-9 
0-5 18-6 2:3 
0-6 4:3 10-9 
Nil 1-7 4-5 
0-5 2°5 1-0 
0-5 3°8 2-1 
Nil 0-9 1-3 


Fractionation data of methyl esters of ‘acetone-soluble’ fatty acids from horse faeces, 


and the trans acid contents of fractions 


Weight put in column: 4-5 g. of esters + 


Fraction Wt. 
no. (g.) M.p. 
1 0-27 3-4 
2 0-27 3 to-2 
3 1-01 —8-5 to —7-5 
4 1-91 3-5 
5 0-51 1-9-2-0 
Residue 4-85 45-0-46-0 


on samples of horse and sheep faeces. Horse faeces were 
treated according to the method outlined by Sperry (1928), 
but the separation was only moderately successful, as 
judged by microscopic examination, owing to the injurious 
effect on the micro-organisms of the mercuric chloride 
added as preservative. The bacterial fraction of sheep 
faeces was isolated by following the procedure applied 
recently by Garton & Oxford (1955) to rumen bacteria, 
with suitable modifications. Faeces (400 g.) were thoroughly 
mixed with 21. of 0:9% sodium chloride solution and 
filtered through cheese cloth to remove fibrous and coarse 
material. The filtrate was centrifuged at 
2000 rev./min. and the deposited sludge was mixed with 
fresh sodium chloride solution and recentrifuged. Micro- 
scopic examination of stained smears, followed by plate 
counts, revealed that the distribution of bacteria between 
the aqueous suspension and the residue was about 12:1. 


for 10 min. 


The suspension was evaporated in vacuo and dried. This 
material (essentially dry bacteria) and the combined dried 
residues from filtration and centrifugal separation (practic- 
ally free from bacteria) were extracted three times with 
boiling ethanol-ether (3:1, v/v) and filtered. The filtrates 
were evaporated in vacuo, the residues taken up in light 
petroleum and after the removal of the solvent the lipids 
were treated as already described. 


RESULTS 
The animal species, their diets and the character- 
istics of the non-volatile fatty acids obtained from 
their faecal lipids are listed in Table 1. The contents 
of dienoic and trienoic acids in the fatty acids from 


Iodine 


val 
42 
44 
44 
66 
54 


8- 


4-5 g. of methyl arachidate. 
Saponification equiv. 


( 


Acids (un- 


saponifiable trans Acids 


ue Esters matter removed) (%, w/w) 

6 12-9 

4 - 38-5 

“7 316-6 293-4 32-6 

‘8 309-1 295-1 45-6 

‘1 316-1 303-6 19-6 
314-2 5-5 


5 339-2 


faecal lipids appear in Table 2. The methyl] esters 
of the fatty acid fraction ob- 
tained from horse faeces were, as already mentioned, 


‘acetone-soluble’ 


fractionated twice, the results of the second frac- 
As the saponi- 


tionation being shown in Table 3. 
fication equivalents of the esters and of the fatty 
acids obtained from the esters by saponification, 
extraction of unsaponifiable matter and acidifica- 
tion pointed towards the presence of acids with 
more than 18 carbon atoms, a sample (0-2 g.) of 
fraction no. 4 was hydrogenated and crystallized 
twice from acetone. The crystals (0-12 g.) melted at 
38-39 
methyl stearate. This indicated that the unsatur- 


and gave no m.p. depression with pure 


ated acids of this particular fraction were of the 
Ci, type. The filtrate 
material, the identification of which was beyond 
Further 


trans- 


contained some viscous 
the scope of the present investigation. 

that 4 contained 
unsaturated acids was provided by the spectro- 
scopic examination of the hydroxylated products 


evidence fraction no. 


resulting from alkaline permanganate oxidation of 
a sample (0-25 g.) in the cold according to the 
method of Lapworth & Mottram (1925). The 


hydroxylated products, in contrast with the 
original acids, showed no trans acid content. 
The characteristics of the fatty acids from 


bacterial and non-bacterial lipids of horse and 
sheep faeces appear in Table 4. 


1-2 











DISCUSSION 
The 


(Table 1) are considerably lower than those of the 


iodine values of fatty acids from faeces 
corresponding depot fats (see Hartman et al. 1955) 
and the same applies to the dienoic and trienoic 
acid contents (Table 2) in non-ruminants. This 
points towards extensive hydrogenation, which 
with the 
trans acids in faecal lipids seems to support our 


combined presence 


hypothesis (Hartman et al. 1954) for the origin of 


In view of the 
flora in the 
rumen and in the post-absorptive region of the gut 


these acids in the fats of ruminants. 
presence of fermentative bacterial 
a similar mechanism of trans acid formation in both 
organs is not unexpected. However, in animal 
depot fats a correlation was found between the 
iodine value and the content of trans-unsaturated 
acids (Hartman et al. 1955), whereas no such corre- 
lation could be found in faecal lipids. 

Garton & 
whether trans acids in animal organisms are in 


Oxford (1955) raised the question 


fact bacterial lipids. The figures in Table 4 indicate 
that the percentage of trans acids in bacterial 
lipids approximates that in non-bacterial lipids, 
and therefore bacterial lipids account proportion- 
ately for the presence of these acids. Their share 


may amount to some 30% of the total quantity of 


trans acids, although wide variations are, of course, 
possible. These considerations apply only to trans 
acids from the living bacteria, as it cannot be 
decided at the present stage to what extent ‘non- 
bacterial’ lipids in faeces are of bacterial origin. 
Similar deductions should be applicable to trans 
acids of the rumen lipids, but in this instance 
the share of living bacteria would be much 
smaller. 

The above results do not support Hofmann & 
Tausig’s (1955) explanation of the origin of vaccenic 
acid in animal fats. Hofmann & Tausig stated the 
difficulty of explaining the formation of vaccenic 
acid from oleic acid by a cis—trans oxidation 
mechanism (Swern et al. 1952), because it involves 
a selective shift of the 9:10 double bond to the 
11:12 position, and suggested the 
alternative: ‘Our that 


bacteria are rich sources of cis-vaccenic acid points 


following 
demonstration certain 
to the intestinal 
trans-vaccenic acid in the lipids of higher animals. 
The cis-isomer elaborated by bacteria may undergo 
cis-trans isomerisation during its absorption or 
transport to the tissues.’ 

It appears that in view of the low iodine value 
and considerable trans acid contents of intestinal 
bacteria (cf. Table 4), the latter do not represent a 
rich source of cis-octadec-ll-enoic acid as does 
tumefaciens and other bacteria 
Hofmann and his 


Agrobacterium 


investigated by co-workers. 


of 9-3-17:9% of 


bacteria as a likely source of 
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Further, partial hydrogenation of dietary linolei 
acid (and polyunsaturated acids) would account 
not only for trans-isomerization but also for 
positional isomers, including those with the doubk 


bond in the 11:12 position (Allen & Kiess, 1956). 


Note added in proof. After this paper had gone 
to Press, it was found that the infrared technique, 
as used in the present investigation for the deter 
mination of trans-unsaturated acids in lipids, was 
subject to a possible source of error owing to in- 
terference from background absorption. While the 
more recent results obtained with horse faecal lipids 
were not materially different from those reported 
here, the values found for ruminant faecal lipids 
varied somewhat according to the base-line applied, 
These observations might lead to some revision of 
the results now presented, although no changes in 
the basic conclusions are envisaged. Re-investiga- 
tion of the infrared method is now in progress and 
it is hoped to report on it at a later date. 


SUMMARY 


1. The faecal lipids of several ruminants and 
non-ruminants were found to contain considerable 
amounts of trans acids (9-18 % of the fatty acid 
fraction). 

2. The percentage of trans acids in bacterial and 
non-bacterial faecal lipids was similar, the bacteria 
accounting for approximately 30% of the total 
amount of these acids. 

3. By analogy with the formation of trans acids 
in the rumen, the origin of these acids in the faecal 
lipids is attributed to the hydrogenating action of 
intestinal bacteria. 


The authors are indebted to Mr C. N. Hooker and Miss 
A. F. Dollimore for the estimation of dienoic and trienoit 
acids, to Miss J. M. Monnie for technical assistance, and to 
Mr H. M. Stone of the Dominion Laboratory, D.S.LR.., for 
microscopic examination of bacteria. 
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Studies on the Protein of Fish Skeletal Muscle 


4. ULTRACENTRIFUGAL ANALYSIS OF CODLING 


By J. 


EXTRACTS* 


J. CONNELL 


Torry Research Station, Aberdeen, Food Investigation Organization, 


Department of Scientific and Industrial Research 


(Received 7 October 1957) 


There is very little information about the ultra- 
centrifugal behaviour of fish-muscle protein and 
virtually none for marine species. Hamoir (1955a, b) 
ultracentrifugal 
extract of carp muscle made at low ionic strength 


has shown the diagram of an 
and also presented data on certain purified carp 


myosin and actomyosin fractions and on the 
crystallized proteins myoglobin (from carp and 
tuna), tropomyosin and nucleotropomyosin (both 
from carp). In addition, the sedimentation co- 


efficients of a number of crystalline proteins 
derived from the myogens of carp (Henrotte, 1952, 
1954, 1955; Hamoir, 1957) and of flounder 
(Henrotie & Dressc, 1955) have been published. 

It was therefore of interest to supplement the 
electrophoretic data previously obtained on codling 
extracts (Connell, 1953) with ultracentrifuge data. 
It was also hoped to elucidate some of the problems 


of the existence in fish extracts of a protein corre- 


sponding in its sedimentation behaviour to that of 


Roth (1947) was unable to detect 
the presence of L-myosin (Schramm & Weber, 
1942) in extracts made from carp muscle which 


rabbit myosin. 


normally extract this protein from rabbit muscle, 
and only components corresponding to S-myosin 
or actomyosin could be observed. Nevertheless, 
electrophoretic components corresponding to f- 
myosin are present in 
both (Hamoir, 1949, 1951) and 
(Connell, 1954). However, with the usual myosin- 
isolation procedures only heavy or polydisperse 
preparations were obtained by these authors from 


carp codling 


such extracts. Some of these results appeared to be 
due to inattention to a number of factors, e.g. the 
absolute freshness of the tissue from which the 


* Part 3: Connell, J. J. (1954). 


‘apidly made extracts of 





extract was obtained, the rapidity of working up 
and examining the extract, the temperature and 
the pH. Special attention has therefore been paid 
to such details of procedure. In particular, it is 


now known that rabbit myosin suffers an ap- 
parently irreversible aggregation and may be kept 
in a monodisperse condition for only a few hours at 
(Laki & 


Lowey, 


room temperature or a few days at 0 
Carrol, 1955; Holtzer, 1956; Holtzer & 
1956; Rupp & Mommaerts, 1957); cod myosin is 
even more unstable (J. J. Connell, unpublished 
work) and its handling poses special problems. 
Since myosin at or below its isoelectric point is 
denatured in the presence of salts (Edsall, 1930), 
acid-extracting solutions as used by MHamoir 
(1955a, b) have been avoided. 

The electrophoretic and ultracentrifugal dia- 
grams of extracts of increasing ionic strength were 
compared; also the amount of protein extracted, 
the ATP-sensitivity [Portzehl, Schramm & Weber, 
1950; see also Table 3 (footnote) of the present 
paper] and sometimes the actin-combining power of 
measured to indicate when 


the extracts were 


myosin or actomyosin, or both, were being ex- 


tracted. 
EXPERIMENTAL 


Materials 
Live cod (Gadus callarias L.) have been used for all these 
experiments. The fish were never more than about 40 cm. 
in length. 


Buffers. Buffers of pH 7-5 and 6-5 were made up 
respectively as follows: 0-00338mM-KH,PO, +0-0155M- 
Na,HPO, (10-05) and 0-0217M-KH,PO, +0-0095m- 


Na,HPO, (10-05). Potassium chloride was added to 
these buffers to bring the total ionic strength up to 0-1, 
0-2, 0-3 and 0-5. 





6 J. J. CONNELL 


Methods 


Electrophoresis. The methods used have been described 
by Connell (1953). 

Viscosity. The methods used have been described by 
Connell (1954). 

Ultracentrifuging. The Spinco Model E was used. The 
temperature of the runs was kept between 0 and 5° by 
using a pre-cooled rotor; the temperature was controlled 
and measured by means of the Spinco Rotor Temperature 
Indicator and Control Unit. The validity of the large 
temperature correction was tested on several runs made 
between 0° and 5° with crystalline bovine plasma albumin 
(Armour Laboratories, Chicago) when a value of Sgo_,, equal 
to 4-34 at zero concentration and pH 4-34 was obtained. 
This figure is in excellent agreement with the published 
values (for summary see Loeb & Scheraga, 1956). The 
sedimentation coefficients of the components in extracts 
were corrected for the variation in the viscosity of water 
between the temperature of the determination and 20°, but 
not for the viscosity increment of the solutes or for the 


© 


buoyancy of the protein. “ince the viscosity increment of the 
mixture of solutes used is small at low ionic strengths and 
becomes increasingly negative at / 0-3 or greater, omission 
of these corrections will result in an error of at most 5% in 
the 


coefficients are quoted as Sg. 


corrected sedimentation coefficients. Sedimentation 
Extraction. All operations were conducted at 0° and as 
rapidly as possible. The fish were stunned by a blow on the 
head, decapitated and then skinned and filleted. The fillets 
were coarsely minced and the mince slowly stirred with the 
buffer for periods of 5 and 15 min. and 7 and 24 hr. The 
ratios of mince to extractant were as follows: J 0-05 and 
0-1, 1:14; 7 0-2, 1:2; J 0-3 and 0-5, 1:3. The mixtures were 
then 10 000g for 10-15 min. the 
supernatant decanted. The supernatant 
solutions from the 5 and 15 min. and 24 hr. extracts were 
immediately; the 
extracts were allowed to stand overnight at 0 


centrifuged at and 


solution was 


ultracentrifugally examined 7 hr. 
before 
examination. The solutions for electrophoretic examination 
» 


were dialysed for 2 days at 0° against the same buffer as 


was used for extraction. In general, each extract was 
analysed only. once. 

Analysis of schlieren photographs. The apportioning into 
separate components of the total area of the schlieren 
photographs from the electrophoretic and sedimentation 
by Tiselius & Kabat’s (1939) 


method. The mean result of the top and bottom edges of 


experiments was done 


the bar diaphragm tracings of the sedimentation diagrams 
with 
determined from runs without protein. The areas of the 


was used subtraction of approximate base-lines 


sedimentation diagram were corrected for the dilution 
occurring in a sector-shaped cell by means of the formula: 


Ay 
portion of the component, A is the area of the component 


A (x/x»9)*, where Ag is the area used to assess the pro- 


on the tracing, x is the distance of the maximum ordinate 
of the component from the centre of rotation and 2, is the 
distance of the meniscus from the centre of rotation. 


RESULTS 


Extracts at an ionic strength of 0-05, pH 7-5. The 
sedimentation diagrams of extracts taken at 5 and 
15 min. and at 7 hr. differed little. They all showed 


1958 


a very small, rapidly sedimenting component F 
(Fig. la) and three relatively slow main compo. 
nents §,, S,., 8, (Fig. 


1b). The fast component 
remained as a very sharp boundary throughout the 
period of sedimentation but sedimented with dif. 
ferent velocities in different extracts, in contrast 
with the main components (Table 1). The amounts 
of all the little 
(Table 2). Sometimes trace components could be 
detected, especially one moving slightly faster than 


components showed variation 


the fastest of the main groups of components. 
The of 
several hours’ duration has been published before 


electrophoretic diagram extracts of 
(Connell, 1953) and shows seven clearly distin- 
guishable components (Fig. 2). The numbering of 
these components is that used by Connell (1953). 
The fastest electrophoretic components in 5 and 
15 min. extracts appear to be present in diminished 
amount (Table 2); they are absent from extracts of 
1 min. duration (Fig. 3). More protein is certainly 
extracted after 7 hr. than after 5 o1 
15 min. (Table 3). 

Extracts at ionic strengths of 0-1 and 0-2, pH 7-5. 


stirring 


These were qualitatively similar and will be dealt 
with together. The sedimentation diagrams of 
5 min. extracts (Fig. 4) showed, in addition to two 
rapidly sedimenting components (F, and F,) a 
H, 
contributed as much as 25 % of the total area of the 
diagram of the extract at J 0-1. The main com- 
ponents were much the same as in extracts at 
I 0-05 (Table 1), though there do appear to be 
and the of the 
heavier and lighter components respectively as 


heavier very polydisperse component which 





increases decreases in amounts 
both the ionic strength and duration of extraction 
increase (Table 2). ; 

It was noticed that the extracts, which wer 
initially quite fluid and only faintly opalescent, 
became gradually more viscous and cloudy on 
standing at 0°. The extracts at I 0-1 eventually 
gelled, so that the flask containing them could be 


oo 





(a) (b) 

Fig. 1. Sedimentation diagrams of a 5 min. extract at 
1 0-05, pH 7-5 (a) 480, (b) 7812 sec. after reaching full 
speed of 59 780 rev./min. Temperature 2-3°. F and §,, 
S., Sz, denote the fast and slow components respectively. 
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extract at J 0-05, 
the ascending-limb anomaly, and the designation of the 
components is that used by Connell (1953). 


designation of components see Fig. 2. 
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Table 1. Sedimentation coefficient of components of codling-muscle extracts, pH 7-5 
Conen. of 
total Soo Of component* (s) 
protein in : —---- 
[onic strength Duration of extract Fast components 
of extract extraction (%) - ; Si S. S, 
0-05 5 min. 2-5 93 6-4 4-4 1-3 
0-05 15 min. 2-5 33 7-5 4-3 1-0 
0-05 7 hr. 3-2 59 6-2 4:3 1-2 
0-10 5 min. 2:9 64, 53 30 6-8 4-7 1-3 
0-10 15 min. 3-0 59 T 4-5 1-4 
0-10 7 hr. 31 57 6-8 4- 1-2 
0-20 5 min. 2-0 80, 50 30 7-0 4-9 1-5 
0-20 7 hr. 2-5 66 tT 4-8 j 
Arithmetical mean 6-6 4:5 1-3 
$.D. 0-49 0-25 0-17 


* For designation of components see Figs. 1 (a) and 1 (6). 
+ The component had not been resolved sufficiently for an accurate determination. 


Table 2. Composition of codling-muscle extracts assessed by sedimentation 


and electrophoretic analysis, pH. 7-5 


Component* (percentage of total area) 
Sedimentation+ 
m Electrophoresis 


Ionic strength Duration of Fast , 
of extract extraction components S, So S, l sp 2 3 4 5 6 7 
0-05 5 min. 3 17 56 24 4 4 11 42 39 
0-05 15 min. é 17 55 25 3°5 3-5 10 35 48 
0-05 7 hr. 7 16 57 20 4 6 8 7 9 25 30 il 
0-10 5 min. 5 19 60 16 8 10 22 60 
0-10 15 min. 4 24 60 14 
a 
0-10 7 hr. 8 22 54 16 1 10 12 77 
‘ens ~ a — 
0-20 5 min. 15 21 50 14 7 I 30 62 
— y \ ) 
0-20) 7 hr. 16 20 50 14 11 LO 22 57 
* For designation of components see Figs 1 (a), 1 (b) and 2. 
+ Corrected for dilution in a sector-shaped cell as described in the text. 
Seep tilted through 45° before the gel broke. On shaking 
1e gel it became fluid, but althougn becoming 
the gel it | fluid, but although | g 
lumpy on standing never set completely to a gel 
again: it was not truly thixotropic. It was also 
noticed that on the addition of adenosine triphos- 
uu — r e eae ° ° 
é i a i Se a: sp 1 phate (ATP) to the initial fluid extract a copious 
‘2 fe ee re precipitate appeared which could be dissolved in 
Fig. 2. Ascending-limb electrophoresis diagram of a 7 hr. 


neutral 0-5mM-KCl. When the extracts were made 
up to 0-5m-KCl before addition of ATP a large 
reduction in viscosity occurred (Table 3). These 


pH 7-5; 7-35 v/cem.; 4140 sec. 6 denotes 


reactions towards ATP are characteristic of the 


superprecipitation and dissociation of actomyosin 


in the gel and sol states respectively (Szent- 
Gyorgyi, 1947), and it must be concluded that 
actomyosin is in fact being extracted in quantity 
8 Le So aa from the fish muscle at ionic strengths as low as 0-1. 

Fig. 3. Ascending-limb electrophoresis diagram of al min. ‘The actomyosin becomes eventually insoluble, as is 
extract at 10-05, pH 7-5; 6-34v/em.; 3870sec. For Shown by the absence of the heavy polydisperse 
component from 5 and 15 min. extracts which had 
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until they had Although 7 hr. 
extracts had a high ATP-sensitivity (Table 3) no 


stood gelled. 


very heavy polydisperse component could be 


observed in their sedimentation diagrams; this 
indicates that the actomyosin has become poly- 
disperse during extraction or standing so that it no 
longer forms a discrete peak, although not aggre- 
gated enough to be sedimented at 10 000g. The 
0-1 2-3 hr. to gel, and 
about 


extracts at J took about 
0-2 


indicates that the incipient solubilization process is 


those at 5-6 hr. or overnight, which 
greater at the higher ionic strength. 

The extraction of actomyosin at such a low 
ionic strength appears to be dependent on the 
of the 


indications of the presence of actomyosin were 


absolute freshness fish muscle, since no 
found in extracts of post rigor muscle at J 0-2 either 
in sedimentation diagrams or from ATP-sensitivity 


That the ATP is 


necessary for the extraction of actomyosin under 


measurements. presence of 
these conditions was indicated in an experiment in 
which portions of the same lot of post rigor muscle 
were extracted for the same length of time with 


solvent J 0-2, both in the presence and absence of 


3mM-ATP (25 mg. of ATP+7-5 ml. of buffer and 


5 g. of muscle). The presence of small amounts of 


the heavy polydisperse component was noted in the 
solution containing the ATP, but not in the other. 

The resolution of components during the electro- 
phoresis of fish-muscle extracts at J 0-1 and 0-2 is 
poor, and it is hardly possible to decide whether 
changes in the protein composition of the solution 
are occurring as extraction proceeds or whether 
altering the ionic strength has resulted in a different 


1958 | 


protein composition. This problem has _ been 
briefly discussed by Connell (1953). The analyses 
which can be made (Table 2) show that no gross 
Only slightly greater 
amounts of protein can be extracted if the ionic 
strength is increased to 0-2 (Table 3). 

Extracts at an ionic strength of 0-3, pH. 6-5 and 7-5, 
Only 5min. and 24hr. extracts have been ex- 
amined. 


changes are occurring. 


Neither of these extracts or others at a 
higher ionic strength showed any tendency to gel. 
The sedimentation diagram of the 5 min. (pH 7:5) 
extract showed only traces of rapidly sedimenting ; 
material, and that of the 24 hr. (pH 7-5) extract 
rather the coefficients of 


more; sedimentation 





54min. extract at 


diagram of a 


Fig. 4. Sedimentation 
10-10, pH 7-5; 480sec. after reaching full speed of 
59 780 rev./min. Temperature 3-3°. H denotes the poly- 
disperse and F,, F, the fast components respectively. 


} 
Table 3. Amount of protein extracted and AT P-sensitivities of various extracts of codling muscle | 
ATP- 
sensitivity* 
of extract 
Percentage of after making i 
lonie strength Duration of total protein up to 
of extract extract »H extracted 0-5M-KCl j 
0-05 5 min. 21 Not determined 
0-05 15 min. 21 Not determined 
0-05 7 hr. 27 Not determined 
0-1 5 min. 20 68 
0-1 15 min. 21 42 
0-1 7 hr. 22 119 
0-2 5 min. 25 21 
0-2 7 hr. 31 36 
0-3 5 min. 26 10 
0-3 24 hr. 42 21 
0-3 5 min. 16 11 
0-3 27 hr. 32 12 
0-5 5 min. 26 1] 
0-5 24 hr. 5s 81 





* ATP-sensitivity is defined by Portzchl et al. (1950) as follows: 


lc ge Nrel 


log Trel., ATF 


log ret, ATP 
where 7, and 7, arp are the relative viscosities of the solution before and after addition respectively of ATP. 
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these heavy components were in the region of 25 

30s. The main portion of the diagram differed 
markedly from those of extracts at lower ionic 
strength in showing a remarkably sharp boundary 
M (Fig. 5a), which in the 5 min. extract retained its 
extreme sharpness during the whole of the run 
(143 min.). This alteration in diagram was shown 
not to be solely a consequence of the increase in 
ionic strength on sedimentation behaviour, by 
increasing the ionic strength of an extract at 0-2 up 
to 0:3; the sedimentation diagram of this solution 
did not differ from that of the extract of J 0-2. On 
diluting the 5 min. (J 0-3) extract with buffer of the 
same ionic strength, component M was resolved into 





(a) (b) 


Fig. 5. Sedimentation diagrams of a 5 min. extract at 
1 0-30, pH. 7-5 (a) 8580 sec., (b) 4080 sec. after reaching 
full speed of 59 780 rev./min. (b) is the extract diluted 
with an approximately equal volume of extracting 
solution. Temperatures: (a) 2-1°, (b) 2-1°. M denotes 


myosin. 


Table 4. 
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a single sharp peak (Fig. 5b). It could be pre- 
cipitated from the solution by reducing the ionic 
strength to about 0-05; the sedimentation diagram 
of the main group proteins remaining in solution 
was very like that of extracts at J 0-05—0-2. The 
precipitated protein had the properties of a true 
myosin, i.e. it had a very small or zero ATP- 
sensitivity and combined with actin (Table 4); the 
original extract also showed actin-combining 
power (Table 4). 

The values for the sedimentation coefficient of 


this ‘myosin’ in extracts (Table 5) also definitely 


e———_  - 





Fig. 6. Sedimentation diagram of the precipitate obtained 
by decreasing to 0-05 the ionic strength of a 5 min. 
extract at J 0-3, pH 7-5. The precipitate was redissolved 
in KCl-phosphate buffer, J 0-4, pH 7-5; 5160 sec. after 
reaching full speed of 59780 rev./min. Temperature 1-0°. 
A, T, D and M denote actomyosin, trimeric, dimeric and 
monomeric myosin respectively. 


ATP-sensitivity and actin-combining power of a codling-muscle eatract 


and of a precipitated protein 


Duration of extract, 5 min. (J 0-3, pH 7-5); the protein was precipitated from the extract when J was decreased to 0-05. 
Conditions for ATP-sensitivity: 0-45m-KCl + phosphate buffer (J 0:05, pH 7-5); myosin:actin ratio, 3:1. 


With 

Alone ATP 

Extract 1-67 ‘57 
Precipitated protein 2-06 2-00 


ATP-sensitivity 


Nret. 
With With actin Without With 
actin* and then ATP actin actin 
2°13 1-69 14 44 
2-76 2-61 $ 35 


* Prepared from cod according to Connell (1954). 


Table 5. 


Sedimentation coefficients of myosin components in codling-muscle extracts 


Conen. of 


total protein 
in extract 


Duration of Ionic 
extract strength pH 
5 min. 0-3 6-5 
5 min. 0-3 75 
24 hr. 0-3 6-5 
24 hr. 0:3 7-5 
24 hr. 0-3 75 
5 min. 0-5 6-5 
5 min. 0-5 75 
24 br. 0-5 7-5 


Soo of component (s) 


(%) Myosin Dimer Trimer 
1-0 4-5 = 
1-5 4-5 

1-8 4-2 

1-4 4-9 54 

0-7 6-0 7-4 8.2 
0-8 5D 6-4 

l- 3-5 

0-4 6-2 71 
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establishes it as an L-myosin, since the values for 
this protein vary from about 4 to 7s, whereas those 
for S-myosin vary from about 10 to 90s (Portzehl 
et al. 1950). On isolation, however, it appears to 
undergo the same type of spontaneous aggregation 
shown to occur with rabbit myosin by Holtzer & 
Lowey (1956), and what are presumably the dimer 
and trimer are always present in fish myosin pre- 
pared by precipitation (Fig. 6), even in preparations 
analysed only 3-4 hr. post mortem. The presence of 
a heavy polydisperse component (S,,= 14), pre- 
sumably actomyosin (A in Fig. 6), is often detected 
in preparations having an ATP-sensitivity. This 
component and the ATP-sensitivity can be re- 
duced in amount by precipitating it after adjusting 
the ionic strength to about 0-27. The aggregation of 
the myosin is very rapid and occurs overnight even 
in a 5min. (J 0-3) extract undisturbed at 0°, and 
the presence of myosin aggregates is also evident in 
the 24 hr. extract at I 0-3. 

No component corresponding to myosin could be 
found in extracts of post rigor muscle, but it was 


. 
RABE OLE EE AEDS EERE PILL 
S M 


g. 7. Ascending-limb electrophoresis diagram of a 
5 min. extract at J 0-3, pH 7-5; 2-07v/cem.; 19 980 sec. 
S and M denote the sarcoplasmic group of proteins and 


Fi 


myosin respectively. 


——————————— 





Fig. 8. Sedimentation diagram of a 24hr. extract at 
10-5, pH 7-5; 3780 sec. after reaching full speed of 
52 640 rev./min. Temperature 0-9°. A denotes actomyo- 
sin; M is possibly myosin and its aggregates. 


present in extracts of muscle from fish 3-4 hr, 
dead, i.e. before the first signs of rigor mortis were 
apparent. On the other hand it has not so far been 
detected in extracts of cod muscle rapidly frozen 
pre rigor and then extracted during the thawing 
process. This contrasts with Crepax & Hérion’s 
(1950) finding on rabbit muscle. 

The myosin in 5 min. extracts at J 0-3 appeared 
as a typical B-myosin peak in the electrophoretic 
diagram (Fig. 7). 

There is a considerable increase in the amount of 
protein extracted at J 0-3 between 5 min. and 24 hr, 
(Table 3), but there is only a moderate increase in 
ATP-sensitivity, so that most of the protein 
further extracted is probably myosin. As judged 
from the sedimentation diagrams the amount of 
myosin in the extracts does increase up to as much 
as one-half of the total protein content. 

Extracts at pH 6-5 were also examined in the 
hope that they would contain smaller amounts of 
although the total protein 
extracted was considerably less, the ATP-sensi- 
tivity of even a 5 min. extract was 11 (Table 3). 
The ATP-sensitivity of myosins prepared from 
5 min. extracts with a pyrophosphate-containing 
solution of pH 6-5 and J 0-35 had been found to be 
much less than this (Connell, 1954), but it has been 
subsequently discovered that the presence of pyro- 
phosphate bound to the myosin preparation inter- 
feres with the ATP-sensitivity test and results in 
anomalously low results. The properties of extracts 


actomyosin, but, 


at pH 6-5 were otherwise like those at pH 7:5. 

Extracts at an ionic strength of 0-5, pH 7-5. The 
5 min. extracts at J 0-5 were very much like the 
corresponding extract at J 0-3 in respect of amount 
of protein extracted (Table 3), ATP-sensitivity 
(Table 3), sedimentation diagram and electro- 
phoretic diagram, though the last diagram sug- 
gested that more myosin is extracted at the higher 
ionic strength. The 24 hr. extract had the typical high 
opacity, viscosity and ATP-sensitivity of a solution 
rich in actomyosin. The actomyosin was revealed 
in the ultracentrifuge as an extremely sharp 
boundary sedimenting at about 11-5s (Fig. 8). 
The presence of myosin and its aggregates is also 
suggested in this diagram. 

DISCUSSION 

The electrophoretic and sedimentation data on the 
extracts of low ionic strength suggest that there is 
a differential extractability of the protein of the 
muscle. The amounts of the components of greater 
electrophoretic mobility or of greater sedimentation 
velocity appear to increase as the time of extraction 
or ionic strength is increased. This perhaps reflects 
some differing accessibility in the muscle structure, 
though the extraction must be 
established quite quickly. 


equilibrium 
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It appears that in some circumstances fish 
actomyosin can be appreciably soluble at low 
ionic strength. For example, the initial extracts of 
fresh muscle made at low ionic strengths are quite 
clear; also the actomyosin in such extracts sedi- 
ments at a rate (about 60s) which suggests that its 
particle weight, though large, is well within the 
range generally attributed to dissolved colloidal 
substances. However, the protein soon aggregates 
and becomes insoluble. No account of similar 
experiments with extractants of low ionic strength 
and different types of muscle appears to have been 
published; so it is not known whether this be- 
haviour is a peculiarity of fish muscle. Hamoir 
(1955a) bas shown that the precipitation of carp 
actomyosin is complete at a lower ionic strength 
(0:25) than that of rabbit actomyosin (0-30), and 
Roth (1947) gives the salting-in of carp actomyosin 
as begiening at I 0-24; so that fish actomyosins 
prepared by precipitation from long extracts at 
I 0-5 are more soluble than is the rabbit protein, 
but certainly insoluble at J 0-2 or less. 

The amount of codling actomyosin appearing in 
rapidly made extracts diminishes as the ionic 
strength is increased from 0-1 to 0:3, although 
actomyosin may be said to be truly extractable only 
at [0-5 or greater. The particle weight of the 
actomyosin soluble at low ionic strength is greater 
than that soluble at J 0-5, since their rates of sedi- 
mentation at approximately the same concentra- 
tion are about 60 and 10—20s respectively. The 
reason why the actomyosin of larger particle 
weight dissolved from very fresh muscle should 
be soluble at an ionic strength at which acto- 
myosin of smaller particle weight is insoluble is 
not known. 

Another feature of the extracts which may be 
bound up with the unusual solubility of actomyosin 
is the appearance of myosin only when an J 0-3 is 
reached and the simultaneous virtual disappearance 
of the rapidly sedimenting components after their 
amount had been increasing as the ionic strength 
was raised from 0-05 to 0:2. 

The nature of the other rapidly sedimenting 
components in low-ionic-strength extracts is un- 
known. Their sedimentation coefficients appear to 
be grouped approximately around three values of 
about 30, 50-65 and 80-908, though the number of 
experiments is not large enough to be certain that 
these values can be associated with three distinct 
components. The component sedimenting with a 
sharp boundary at about 50-65s occurs most often; 
it is possible that this may be identified with F- 
actin since it is said to sediment at about 50—65s 
(Portzehl et al. 1950; Johnson & Landolt, 1950; 
Mommaerts, 1951). 

The three main ultracentrifugal components of 
extracts of low ionic strength compare quantitatively 
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with these described for carp by Hamoir (1955a), 
who quotes values from three extracts at J 0-15 
of 6-86—7-26, 4-75—5-11 and 1-44—1-70s for the rates 
of sedimentation and 7-9, 36-51 and 40-57 % for 
the proportions of the components. Although the 
rate of sedimentation of these three molecular- 
weight groups seems to be similar for carp and cod, 
their amounts in the two species differ consider- 
ably. Hamoir (1955a,b) has remarked on the 
large amounts in carp of the components sedi- 
1-5s, which indicates an un- 
Similar 


menting at about 
usually low average molecular weight. 
low-molecular-weight proteins are evidently pre- 
sent in cod, as they seem to be in frog but not in 
rabbit (Deuticke, 1934; Amberson, Erdés, Chinn & 
Ludes, 1949). 

The ultracentrifuge experiments at J 0-3 and 0-5 
establish that myosin substantially free of its 
oligomers is present in extracts of fish muscle. 
Hamoir (1955a, b) detected B-myosin in a number 
of different kinds of extract of carp; but on isolating 
this component he always found that it gave rise 
to multiple peaks in the ultracentrifuge, although 
it was apparently pure by electrophoresis. It 
seems certain from the present results that these 
preparations consisted of mixtures of myosin and 
its aggregates, which are apparently not separable 
by the techniques of electrophoresis used. The 
heavy polydisperse component observed in the cod 
myosin prepared with a pyrophosphate extractant 
(Connell, 1954) was probably also an aggregated or 
denatured protein, since several days had elapsed 
before it could be analysed. 

The properties of the structural proteins of fish 
muscle thus fall a little more closely in line with 
those of rabbit. There are nevertheless important 
differences, particularly in stability. It appears that 
fish myosin cannot be precipitated in the ordinary 
way without aggregating, neither can it be kept 
longer than about 12 hr.; rabbit myosin is stable 
for at least three days (Holtzer & Lowey, 1956) and 
is normally prepared by precipitation. 

The minimum ionic strength for extraction of 
cod myosin has been confirmed at 0-3, or perhaps 
slightly lower. This figure is much lower than that 
quoted for carp by Hamoir, namely 0-45. The 
reason for this difference is not apparent. 


SUMMARY 


1. Extracts of codling muscle with solvents of 
pH 6-5 and 7-5 and of ionic strengths from 0-05 to 
0:50 have been analysed by electrophoresis and 
ultracentrifuging and the results compared with 
previous data. 

2. There are indications of a differential extract- 
ability of the proteins soluble at low ionic strength 
(0-2 or less). 
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3. Actomyosin is extractable from very fresh 
codling muscle at ionic strengths as low as 0-1 and 
pH 7-5, but quickly becomes insoluble. It is not 


extractable from fish under the same conditions 


after rigor mortis. 


4. Monodisperse myosin is present in extracts of 


codling muscle made at an ionic strength of 0-3 or 
higher, pH 6-5 and 7-5. 

5. Codling myosin is extremely labile and rapidly 
aggregates either on standing in the cold or during 
precipitation. 


The assistance of Mr P. F. Howgate in the conduct of the 
experiments described in this paper is acknowledged. The 
work described in this paper was carried out as part of the 
programme of the Food Investigation Organization of the 
Department of Scientific and Industrial Research. 
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It has been implied that, apart from their quanti- 
tative differences in charge density, the ionized 
groups comprising the electrophoretic surface of 
foreign particles or cells suspended in plasma are 
similar and are probably derived from adsorbed 
protein. This conception is unsatisfactory in that it 
fails to explain the quite different colloidal pro- 
perties of the formed elements of blood suspended 
in their common protein pool at a common bulk 
pH. Abramson, Moyer & Gorin (1942) emphasize 
the unusual fact that erythrocytes do not appear to 
adsorb protein, a property which, from the bio- 
logical point of view, may help to explain many of 
their unusual properties. Thus erythrocytes do not 
ordinarily stick to one another, they do not adhere 
like leucocytes to glass, they survive for many 
weeks in a circulation constantly and efficiently 


being filtered of most other particles by reticulo- 
endothelial cells, and although they represent a 
huge surface area they do not, apparently, acceler- 
ate the clotting reaction in shed blood. With these 
simple biological properties in mind, it was thought 
worth while to the nature of the 
ionized groups responsible for the surface charge of 


investigate 


the various blood cells and particles added to blood, 
and perhaps to correlate any differences or simi- 
larities with their known biological properties. It 
was thought that lymphocytes, for instance, since 
they are not phagocytic, do not aggregate with 
polymorphonuclear leucocytes (Jago, 1956) and do 
not 


stick to glass, might have ionized 


similar to those found on an erythrocyte. On the 


groups 


other hand, it was thought probable that poly- 
platelets and 


morphonuclear leucocytes, glass 
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particles exposed to plasma might have ion groups 
in common with one another; either these groups 
are capable of cation-bridging phenomena, or cell 
the 
mosaics of plus and minus charges of suitable 


adhesion might take place by 


stereochemical configuration. 

No complete study of the comparative colloid 
properties of the circulating blood cells has been 
made in the past. The erythrocyte has received 
most attention, and amongst the many methods 
aimed at analysing its surface properties are those 
of electrophoresis (Abramson, 1930; Furchgott & 
Ponder, 1941), electrophoretic-charge reversal by 
1940-41; 
Seaman & Pethica, 1957), the action of detergents 
(Pethica & Schulman, 1953) and analysis of stripped- 
1955). Most 
authorities agree that the major functional com- 


various cations (Bungenberg de Jong, 


membrane components (Lovelock, 
ponents are phospholipid in nature but that protein 
and cholesterol may also be present near the surface. 
Furchgott & Ponder (1941) go further, and from 
their electrophoretic pH—mobility studies suggest 
that 
strongly acidic groups such as those of a phosphoric 


the erythrocyte surface is dominated by 


acid. 

The electrophoretic pH—mobility curves for glass, 
quartz, collodion and mineral oils exposed to 
plasma suggested to Abramson (1929) the ad- 
sorption of protein. Polymorphonuclear leucocytes, 
lymphocytes and platelets have been less well 
studied and apart from isolated ¢ potential estima- 
(Abramson, 1928; Fritze, 1953) and the 


classical miscibility experiments of Mudd & Mudd 


tions 


(1931) little is known of the surface components of 


these cells. 


1948) that the ion groups (e.g. amino, phosphate, 
carboxyl or sulphate) contributing to the electro- 
kinetic potential at a solid—liquid interface can be 
characterized by investigating the binding charac- 
teristics of a series of cations. The cations studied 
may be arranged in their order of effectiveness in 
reversing the charge of the particles as measured in 
a micro-electrophoresis cell. This order of effective- 
ness is referred to below as a ‘charge-reversal 
spectrum’. The spectra obtained for various living 
cells may then be compared with spectra obtained 
from model systems with known charge groups at 
the surface. Information of this type has been 
published for the pig erythrocyte (Bungenberg de 
Jong, 1940-41) and Escherichia coli (Davies, Haydon 
& Rideal, 1956). 


METHODS 


Preparation of blood-cell suspensions. The various cells 
studied in the present investigation were obtained from a 
number of sheep. Whereas the platelets, erythrocytes and 
plasma for ‘coating’ the glass particles were those of one 
animal, the polymorphonuclear leucocytes and lympho- 


attaction of 
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cytes by necessity were obtained from different animals. 
To prepare platelets and erythrocytes, 9 vol. of venous 
blood was withdrawn carefully from the jugular vein into 
centrifuge tubes treated with silicone and containing 1 vol. 
of 3-8 % (w/v) sodium citrate. The blood was centrifuged at 
3000 rev./min. for 90sec. and the platelet-rich plasma 
pipetted into 10 vol. of 0-145M-NaCl soln. The platelets 
were spun off and washed twice with 100 vol. of saline. 
The erythrocytes were likewise washed twice with 100 vol. 
of 0:145M-NaCl soln. and used from a stock suspension of 
approx. 1% (v/v). 

Lymphocytes were obtained by slicing fresh mesenteric 
lymph glands from recently slaughtered animals and gently 
shaking the slices in 0-145m-NaCl soln. The lymphocytes, 
which fall out quite easily, were then washed twice with 
100 vol. of saline and finally made up as a stock suspension 
of approx. 2% (v/v). 
lymph glands were observed microscopically to be a hetero- 


Lymphocytes obtained from these 


geneous collection consisting of small, intermediate and 
large cells (a finding which might explain the rather large 
scatter of electrophoretic mobilities obtained for the 
lymphocyte suspensions at lower pH values). 

Polymorphonuclear leucocytes were harvested by peri- 
toneal lavage after a provocative injection of some 500 
1000 ml. of 0-145mM-NaCl soln. The peritoneal exudates were 
collected in tubes treated with silicone and containing 
heparin so as to give a final concentration of about 5 units 
ml. The cellular deposit, after light centrifuging and wash- 
ing, was checked for the presence of polymorphonuclear 
leucocytes by preparing a dry film and lightly staining with 
Leishman’s stain. A stock suspension corresponding to 
approx. 2% (v/v) was used. 

Plasma-coated glass particles. The glass particles were 
obtained by grinding Hysil glass to the consistency of fine 
sand, differentially centrifuging in water to obtain particles 
of approx. 10 in size and finally washing with chromic 
acid. After thorough with water 
approx. 1 vol. of glass particles was mixed with 9 vol. of 
centrifuged (2500 g for 30 min.)., heparinized (10 units/ml.) 


rinsing and _ saline, 


sheep plasma. After contact for 5 min. the glass particles 
were centrifuged off and thrice washed with 100 vol. of 
0-145N-NaCl and finally made up to a stock suspension of 
approx. 1% (v/v). 

Model of substances. The specimens of ‘egg lecithin’ 
(lecithin-kephalin, 4: 1) and phosphatidylethanolamine were 
kindly supplied by Dr D. N. Rhodes and conformed to the 
following limits of purity. The samples were fatty acid- 
free and contained less than 0-5% of free amino acid 
nitrogen (Lea, Rhodes & Stoll, 1955; Lea, 1953). Dr 
R. M. C. Dawson kindly supplied a chromatographically 
pure sample of phosphatidylcholine. The phosphatides 
were dispersed in 0-145m-NaCl soln. by shaking vigorously 
in a stoppered Pyrex tube. 

Electrophoretic mobilities. Mobilities were measured by 
direct microscopic observation of the moving particles in 
a horizontal electrophoresis cell mounted in a water bath at 
25° (Alexander & Saggers, 1948). Observations were made 
through an optically flat face ground in the wall of a 2 mm. 
diam. capillary The microscope 
assembly consisted of a 1-7 mm. objective with a x10 
graticule eyepiece giving a magnification x 200. Henry’s 
optical correction for cylindrical cells was applied (Henry, 
1938). A potential of 50+0-2v was applied between two 
grey platinum electrodes 18 cm. apart at the ends of the 
capillary. Comparison of the potential gradient calculated 


precision-bore tube. 
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from the total current and the specific resistance of the 
electrolyte, with the potential gradient calculated from the 
applied potential and the tube length, showed good agree- 
ment, confirming that no serious polarization occurred at 
the electrodes. A Pye pH meter (Model 605, accuracy 
0-02 unit) was used throughout. 

In the suspension populations the maximum observed 
variation in mobility in each experiment was about 10% 
except with lymphocytes at low pH. Not less than five 
cells or particles were examined in each experiment. 

All electrophoretic measurements were made on samples 
from freshly prepared stock suspensions (up to 12 hr. old). 
The 0-01 % suspensions used in the actual mobility estima- 
tions were prepared by diluting the stock with 0-145m- 
NaCl soln. 1-2 min. before the run. In low and high pH 
runs (below 4 or over 9) the mobilities were estimated 
within 60sec. of diluting the stock suspensions. If a 
change in mobility of below 20% occurred during a given 
set of observations, due possibly to cell breakdown, the 
observations were rejected. The results refer to a system in 
equilibrium with atmospheric CO, and O,. The mobility of 
the suspension usually remained constant for at least 
30 min. provided that the system was not belowabout pH 4. 

The metal salts were used as solutions of the chlorides, 
with the exception of Th(NO,), and UO,(NO,),. The metal 
salts were A.R. grade, except the LaCl,, and were made up 
in 0-145M-NaCl soln. and filtered. 

Since it is difficult to adjust a wide range of metal-salt 
solutions to neutral pH without causing precipitation and 
complex changes (Brosset, Biedermann & Sillen, 1954; 
Ahrland, 1949; Hietanen, 1954), the solutions were used 
unbuffered. The natural pH values of the salt solutions 
were largely unaffected by the addition of the cells or 
particles (shifts less than 0-2 pH unit). All the electrolytes 
gave values in the range pH 4-5-6-0, except UO,(NO,),, 
which at a concentration of 0-1N has a pH of 3. 

The water used in these experiments was obtained 
freshly distilled from a Pyrex still. All glassware was 
with chromic acid-sulphuric acid and 
repeatedly with water. 

The mobilities (V) of the cells and the particles were 


cleaned rinsed 


calculated in psec.~!v-! cm.-! and were converted into 
¢ potentials by use of the Helmholtz-Smoluchowski 
equation €=(477/D) V, where 9 and D are the viscosity 


and the dielectric constants of the suspending medium. The 
use of surface and € potentials to calculate surface (or 
intrinsic) pK values for acidic and basic groups located in 
interfaces has been discussed elsewhere (Davies, Haydon & 
Rideal, 1956; Betts & Pethica, 1956; Seaman & Pethica, 
1957). 
RESULTS 

The pH-mobility curves for sheep erythrocytes, 
polymorphonuclear leucocytes, lymphocytes and 
platelets are set out in Figs. 1 and 2, and for the 
phosphatide models, clean and plasma-coated glass 
in Figs. 4 and 5. The charge-reversal spectra are 
set out in Figs. 3 and 6. 

In these spectra the reversal-of-charge concen- 
tration (C) the (in 
normality) of the specified electrolyte added. C is 
the sum of the free electrolyte in solution (C;):plus 
the bound electrolyte (C,) in equilibrium with C, 


represents concentration 
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(i.e. C=C,+C;). At a fixed colloid concentration 
it has been shown that the values of C,, for various 
cations at their reversal-of-charge concentration 
are equal (Bungenberg de Jong, Booij & Wakkie, 
1936). From this it follows that charge-reversal 
spectra may be given in terms of C as well as C,,. 
The relative positions of the ions in a spectrum for 
C should not be altered by the total colloid concen. 
tration, provided that it is kept constant for a 
given spectrum. 


DISCUSSION 


The electrophoretic method will give information 
only about those membrane components of the 
various cells which are in the electrophoretic 
charge-determining region. The experiments re- 
ported here were carried out in 0-145M-sodium 
chloride solution. This implies that the mean 
thickness of the ionic double layer in the aqueous 
extracellular phase will be 8A (Verwey & Overbeek, 
1948). If one assumes that the boundary of shear is 
very close to the membrane surface, only those 
charged groups within ~ 10A of the surface may be 
expected to influence the electrophoretic properties 
of the cell. If the cell is serrated, the principal 
charge effects will be due to the outermost charged 
groupings. The effects of the various ions on the 
electrophoretic charge of the cells may be due in 
part to changes of surface shape (e.g. increase in 
crenation) and also to changes in the double-layer 
thickness. This second effect is of importance only 
when the experimental concentration of added 
electrolyte approaches or exceeds that of sodium 
chloride. For example, with 0-05M-cuprie chloride 
in 0-145Mm-sodium chloride the effective double- 
layer thickness is reduced to 6A. The effect of 
Cu?** ions in these concentrations may thus be due 
partly to rendering inner groups less effective in 
determining the electrophoretic charge. This effect 
will not apply to any of the more effective charge- 
reversing cations for any given cell. Nor will this 
effect be operative in the experiments on the 
effects of pH on mobility in which the concentra- 
tion of uni-univalent electrolyte was maintained at 
0-145 throughout. From these considerations the 
principal electrophoretic effects of the various 
cations may be ascribed to the specific binding of 
the cations to the charge-determining groups with 
a resultant decrease in net charge. The charge- 
reversal spectra will be a function of the exterior 
charged groups, and by comparing these spectra 
with those for model systems the nature of the 
charged groups on the membranes may be eluci- 
dated (Kruyt, 1948). 
model systems should be very well characterized 
for significant to be obtained. Small 
amounts of impurities may dominate the electro- 


It may be noted that the 
results 


phoretic pattern of the model. For example, if a 
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Fig. 1. pH-mobility relationships for sheep blood cells. 
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phosphatide is dispersed to a particle size of 44 
diameter, the surface molecules represent about 
0-5% of the total mass of each particle. If the 
dispersion contains an amount of impurity of this 
order the electrophoretic properties may be deter- 
mined by the impurity if it is to be found pre- 
ferentially in the surface. It is not likely that such 
small amounts of impurity would dominate the 
system in this way if the dispersed material is a 
true solid because of slow diffusion to the inter- 
face, unless there is a very wide difference in 
surface activity between the impurity and the main 
component. the method 
offers a useful approach to the study of the ex- 


Thus electrophoretic 
terior charged groups of living cells. The method 
may be expected to yield information on the 
adhesion properties of various cells on the basis of 
theories of colloidal stability in which the electrical 
double layer plays an important part (Verwey & 
Overbeek, 1948). The results for the various cells 
are discussed in this light. 

The sheep polymorphonuclear leucocyte and 
erythrocyte exhibit similarities in the effect of pH 
on their electrophoretic mobilities (see Fig. 1). 
Neither cell exhibits a true isoelectric point since 
positive mobilities were not observed even when 
the pH was lowered to pH 1-8. This finding con- 
firms the observations of Furchgott & Ponder 
(1941) for the The erythrocyte 
haemolyses rapidly at low pH and apparent re- 


erythrocyte. 


versal of charge may be observed if haemolysate 
proteins were adsorbed by the cell membrane. 
3ungenberg de Jong (1940-41) attributes positive 
mobilities found in some cases to damage to 
erythrocytes. In the present experiments readings 
could be taken after as little as 45 sec. from making 
up the suspensions. Furthermore, it was found that 
erythrocytes exposed to low pH for periods similar 
to those required for readings to be taken exhibited 
normal electrophoresis on being returned to 
pH 5-6. 

Apart from the joint lack of a true isoelectric 
point the polymorphonuclear leucocyte and ery- 
throcyte are dissimilar electrophoretically. The 
effect of pH on the polymorphonuclear leucocyte 
mobility (Fig. 1) shows the presence of a singly- 
charged acidic group with pK 3-7. The almost con- 
stant mobility from pH 5-5 to 10 and the lack of 
charge reversal at low pH show clearly the absence 
of basic groups such as amines. The pK values for 
the polymorphonuclear leucocyte surface group 
strongly suggest that it is a carboxyl group. The 
pK values of monomeric carboxyl compounds 
likely to be found in biological systems range from 
2-0 for the first pK of aspartic acid to 4-8 for short- 
chain fatty acids (Robinson & Stokes, 1955). 
Pectic acids, for example, are reported to have pK 
values of 2-95 (Davies et al. 1956) or 3-40 (Katchal- 
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sky, Shavit & Eisenberg, 1954). The last-named 
authors give the pK values for polyaspartic acid as 
3-53 and the pK of polymethacrylic acid as 4-86, 
Electrophoresis of stearic acid particles give a pK 
of 4-2 on the assumption that the high ¢€ potential 
found can be treated by the Gouy theory (Verwey 
& Overbeek, 1948). 

Comparison of the charge-reversal spectra for 
polymorphonuclear with that for 
stearic acid or with the models used by Kruyt 
(1948) provides further evidence for the presence of 


leucocytes 


carboxyl groups. The position, for example, of 
UO,?* ions (4x 10-*N, Fig. 6) is high, if allowance 
for the effect of pH of the uranyl] nitrate solution at 
that concentration is made. 

The electrophoretic mobility of the sheep eryth- 
rocyte, like that of the pig erythrocyte (Winkler 
& Bungenberg de Jong, 1940-41), varies with pH in 
a manner indicating the presence of one monobasic 
acid group in the surface. For sheep erythrocytes 
the pK of the surface group is 2-3. 
groups are found on the surface since the electro- 
phoretic mobility is constant from pH 4-5 to 11 
and no charge reversal is found at low pH (Fig. 1). 


No amine 


Furthermore, in the charge-reversal spectrum for 
(Fig. 3) it is that UO,’ 
ions reverse the charge at a concentration 
(2x 10-*n). A low charge-reversal concentration 
by UO,? 
phosphate surfaces (Kruyt, 1948). The very low 
ions 


erythrocytes found 


low 
ions is characteristic of phosphatide and 


reversal-of-charge concentration for UO,?* 


acting on ‘egg lecithin’ solutions may be seen in 
Fig. 6. Uranyl ions bind very efficiently to syn- 
thetic lecithin monolayers (Anderson & Pethica, 
1955), and also adsorb on alkyl phosphate mono- 
layers (Parreira & Pethica, 1957). The erythrocyte 
surface pK 2-3 may thus be ascribed to a phosphate 
group. This value falls between the first pK of 
glycerol 2-phosphoric acid (1-33; Ashby, Crook & 
Datta, 1954) and that of mono-octadecyl phos- 
phoric acid in the monolayer (3-0; Parreira & 
Pethica, 1957) and is very close to the first pK of 
orthophosphoric acid (2-14; Robinson & Stokes, 
1955). This conclusion reinforces that of Furchgott 
& Ponder (1941). 

Sheep platelets and lymphocytes, unlike the 
erythrocytes and polymorphonuclear leucocytes, 
exhibit true isoelectric points (as shown in Fig. 2) 
at pH 2-6 for lymphocytes and at pH 3-2 for 
platelets. This is clear evidence for the presence of 
positively-charged surface groups. The charge- 
reversal spectrum for lymphocytes (Fig. 3) is very 
similar to the cation spectrum for ‘egg lecithin’. 
Similarly, the effect of pH on the mobility of ‘egg 
lecithin’ is almost identical with the effect of pH 
on lymphocyte mobility. The isoelectric point of 
‘egg lecithin’ is 2-5, of phosphatidylethanolamine 


is 2-8 and of phosphatidylcholine 3-1. The strong 
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similarities in the effect of pH and in the charge- 
reversal spectra is very good evidence that the 
lymphocyte surface is a phosphatide, perhaps a 
kephalin. The charge-reversal spectrum for sheep 
platelets is again indicative of a phospholipid 
surface. Uranyl ion efficiently reverses the charge 
of sheep platelets, but not so efficiently as with 
‘egg lecithin’ or lymphocytes. The similarity in the 
positions of lanthanum and copper in the spectrum, 
and the higher isoelectric point may indicate some 
carboxyl groups in the surface. It is hoped that it 
will be possible to obtain data on the electro- 
phoretic properties of the carboxyl-containing 
phosphatidylserine in the future. Both 
platelets and lymphocytes, as prepared in this 


near 


work, accelerate the clotting of plasma in the 
Russel viper-venom test (A. D. Bangham, un- 
published work). This is evidence for the presence 
of surface phosphatides, in view of the clotting 
acceleration found with phosphatide dispersions 
(P. Barkan & D. N. Rhodes, personal communica- 
tion; O’Brien, 1956). 

In view of the importance of glass surfaces in 
haematology, electrophoretic experiments on clean 
and plasma-treated glass particles were carried out 


(see Figs. 4 and 6). The effect of the adsorption of 


plasma components on the surface properties of 
glass may be clearly seen in these figures. The 
plasma-treated glass shows the presence of am- 
photeric groups with an isoelectric point of 4-2. 
The untreated glass surface is purely acidic. The 
sharp rise in negative mobility of plasma-treated 
glass above pH 9 is probably due to the desorption 
of the plasma components. The charge-reversal 
spectrum for plasma-treatcd glass is similar in 
many respects to that for platelets, as may be seen 
from the positions of lanthanum, copper and 
UO,?+ ions. Differences arise in the position of 
strontium and the fact that manganese has almost 
no effect on plasma-treated glass. The effect of 
UO,?+ ions and the pK of 4:2 suggests that the glass 
adsorbs a f-lipoprotein containing phospholipid. 
This conclusion could explain the well-known fact 
that glass surfaces initiate the clotting reaction in 
plasma. 

These results, although obtained in vitro and in 
a saline medium, permit tentative conclusions to 
be drawn about the properties of the surface 
charge of sheep blood cells which are of value in the 
interpretation of a number of biological properties 
of the Among these properties are the 
phagocytic power and ‘stickiness’ of the cells. 


cells. 


Further work on the protein-adsorbing properties 
of the various cells will be necessary for fuller 
accounts of the properties in vivo. From published 
work on monolayer interactions (Doty & Schulman, 
1949; Matalon & Schulman, 1949; Few, 1955), and 


on adsorption on stabilized oil emulsions (Fraser, 


2 
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1957; 
evidence that phosphatides adsorb a number of 
proteins only weakly in the physiological pH range. 


Fraser & Schulman, 1956), there is good 


The surfaces of the platelet and lymphocyte will 
probably therefore largely retain their integrity in 
plasma. The erythrocyte is known to adsorb non- 
specific proteins very poorly, and in the circulation 
the surface-charge groups may be taken as similar 
to those found in vitro in saline. The importance of 
these findings for an interpretation of phagocytic 
activity is that the normal lymphocyte, platelet 
and erythrocyte escape phagocytosis more or less 
efficiently—tthe erythrocyte survives an efficient 
phagocytic filtration for 120 days. Changes on the 
erythrocyte surface, such as those due to antibody 
permit 
phagocytosis. The blood cells are all negatively 


adsorption, do, however, sticking and 
charged at physiological pH, and are, on considera- 
tions of overall charge alone, able to remain dis- 
persed. Two mechanisms for sticking seem likely: 
(a) Direct sticking or aggregation due to the 
existence of a mosaic of plus and minus charges on 
a surface which is negative overall. Carboxyl and 
amine groups can be involved in binding of this 
type (Hill, 1956). (b) Sticking due to electrostatic 
bridging by bi- or multi-valent ions with or with- 
out the mediation of proteins. It is significant that 
the univalent carboxyl group is most evident only 
on those surfaces, i.e. polymorphonuclear leucocyte, 
platelet and plasma-coated glass, which 
colloidal instability in the presence of plasma. 


show 


The sticking due to type (a) is unlikely for poly- 
morphonuclear leucocytes and erythrocytes one to 
another, but is possible for platelets and lympho- 
cytes. Sticking of type (6) would seem the more 
important. Platelets, for example, adhere more 
effectively to each other in the presence of Ca?+ 
ions. Phagocytosis by polymorphonuclear leuco- 
cytes is also dependent on the presence of Ca?* ions 
(Mudd, McCutcheon & Lucke, 1934). Intra- and 
inter-molecular ionic bridging of proteins by 
cations is well known (Gurd, 1954). It 
possible that both oppositely and similarly charged 
groups can be involved in bridging owing to hydro- 


is also 


gen bonding. The effects of hydrogen bonding of 
this kind in proteins have been discussed by Loeb & 
Sheraga (1956) and Laskowski & Sheraga (1954). 
Type (b) cross-linking of erythrocytes involving 
cations has been Jandl & 
Simmons (1957). The order of effectiveness in 
promoting agglutination of erythrocytes by a 
range is different from the order of 
reversal of charge by cations. This itself is confirma- 
tion that the agglutination of erythrocytes by 
cations is due to direct cross-linking rather than to 
a simple reduction of charge or potential. It is 
noteworthy that Ca?+ ions are not efficient in 
agglutinating erythrocytes. This fact is in accord 
Bioch. 1958, 69 


demonstrated by 


of cations 
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with the finding of Clarke & Datta (1956) and 
Clarke, Cusworth & Datta (1954) that singly 
ionized glucose 1-phosphate interacts feebly with 
Ca?+ and Mg? doubly ionized 
form interacts strongly with both Ca?*+ and Mg?+ 
This lack of reaction between singly 
phosphate and Ca?+ ions is to be contrasted with 
the binding of Ca?+ ions by fatty 
acids to form di-soaps. If it is postulated that 
erythrocytes are charged with phosphate groups, it 
appears that the lack of agglutination and protein 
is to be 


18 A. 


ions, whereas the 


ions. ionized 


well-known 


binding, and escape from phagocytosis, 
related to the properties of this group at inter- 
faces. Preliminary results on the surface chemistry 
of phosphates have been published, and further 
publications wi!l appear in due course (Parreira & 
Pethica, 1957). 


SUMMARY 


1. An attempt has been made to characterize 
the anion and cation groups contributing to the 
electrokinetic potential on the surface of certain 
blood cells, models and other particles. 

2. The method involved the determination of 
the sequence or spectrum of various cations in their 
ability to reverse the charge of the cells and models 
in the presence of 0-145M-sodium chloride solution. 


1 em.—! 


Actual mobilities expressed as psec.—! Vv 
were determined at values between pH 2 and 10. 

3. In contrast with lymphocytes, phosphatide 
models and plasma-coated glass particles, neither 
the erythrocyte nor polymorphonuclear leucocyte 
exhibited a true isoelectric point. 

4. The 
the 
respect to the 


differs markedly 
with 


erythrocyte, however, 


from ~~ morphonuclear leucocyte 


ffect of UO,?+ ions on its mobility. 


By comparison with known model systems it 
was concluded that the dominant group on the 
erythrocyte was a phosphate whereas that on 


the polymorphonuclear leucocyte was a carboxyl. 


5. The cation spectra for lymphocytes and plate- 
lets are similar to one another and resemble that of 


a suspension of egg lecithin. It is suggested that 


the dominant groups are both phosphate and 


amine. Some carboxyl groups may also be present 
on the platelet. 


resembles the 


The surface of plasma-treated glass 
amine surface of a platelet in many 
respects. 

6. Cation bridging between carboxy! surfaces is 
proposed as an important factor in the sticking and 
phagocytic reactions of blood cells. 
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3. THE METABOLISM OF w-(2-NAPHTHYLOXY)-n-ALKYLCARBOXYLIC ACIDS 


WOODCOCK 


tions. London: Butterworths Scientific Publications. 
Fungal Detoxication 
BY SCLEROTINIA LAXA* 
By R. J. W. BYRDE anv D. 
Long Ashton Research Station, University of Bristol 
(Received 20 August 1957) 
The metabolism of w-(2-naphthyloxy)-n-alkyl- 


carboxylic acids by Aspergillus niger van Tiegh. 
has been described in an earlier paper in this series 
(Byrde, Harris & Woodcock, 1956). By 
a replacement-culture technique it was shown that 


means of 


the acids were hydroxylated in position 6 of the 
naphthalene nucleus, and that higher members 
underwent £-oxidation. 

The present paper describes an extension of the 
work to the plant pathogenic fungus Sclerotinia 
lava Aderh. & Ruhl., the organism causing the 
brown-rot and blossom-wilt diseases of fruit trees. 


EXPERIMENTAL 


The materials and reference compounds have already been 
described (Byrde et al. 1956). 


Methods 
Replacement culture and isolation of metabolites. The 
method used followed that already described (Byrde et al. 


1956), with the following modifications. Cultures of S. laxa, 
originally isolated from sour cherry, were grown on a liquid 
medium composed of: glucose, 40¢.; peptone, 10 
KH,PO,, MgSO,,7H,O, 2-5g.; CaCl,, 0-1 
FeCl,, 0-02 g.; water to 11. The medium was dispensed in 
50 ml. lots in 20 oz. medicinal ‘flats’ and sterilized (10 Ib. 
sq.in. for 20 min.). Each bottle with 6 
disks (4 mm. in diameter) of mycelium cut from an estab- 


he 
£.5 


6°8 g.; g.3 


was inoculated 


lished culture on solid medium, and incubated at 25° for 
7 days. The medium was then replaced by 100 ml. of a 
solution of the test acid (0-5 mm) in 0-01M-Na,HPO,. 
After a further 7 
tracted with ether and examined chromatographically. 


days the substrate was poured off, ex- 


Fungitoxicity in vitro. Fungistatic activity was assessed 
by the rate of mycelial growth of S. axa on an agar medium 
in which the compounds under test were incorporated. The 


* Part 2: Byrde & Woodcock (1957). 


liquid medium described above, with the addition of agar 
(3%, w/v), was dispensed in 50 ml. lots in 100 ml. flasks 
and autoclaved (10 1b./in.2 for 20 min.). The pH was 
adjusted as necessary, after autoclaving, by the addition to 
each flask of sterile N-NaOH or n-H,SO, by means of a 
sterile pipette; the amount required was estimated experi- 
mentally from a single flask. 

The subsequent procedure followed that described by 
Bryde & Woodcock (1957). 


RESULTS 


Identification of metabolites. The metabolism of 
four unsubstituted and two hydroxylated w-(2- 
naphthyloxy)-n-alkylearboxylic acids was studied. 
Unchanged acid was detected in each instance. 
Table 1 the the 
principal metabolites. In a typical experiment in 
which §-(2-naphthyloxy)-n-valeric acid (220 mg.) 
in 0-01M-Na,HPO, (1800 ml.) was incubated with 
S. lawa, 46 mg. of B-(2-naphthyloxy)propionie acid, 
acid, 


summarizes identification of 


together with 45mg. of unchanged was 


isolated by large-scale paper chromatography as 
described previously (Byrde eé al. 1956). 
B-naphthol was present in trace amounts only, after 


Since 


being washed with aqueous NaHCO, the ethereal ex- 
tracts from anumber of experiments were combined 
to obtain a specimen for mixed m.p. determination. 

Fungitoxicity in vitro. The growth of S. laxa in 
glucose—peptone—phosphate agar in the presence 
of ethanol (1%, v/v) and a series of w-(2-naph- 
thyloxy)-n-alkylearboxylic acids (0-25 mm) isshown 
in Table 2. 

Since the pK, value of 2-naphthyloxyacetic acid 
is 3-7 (Byrde et al. 1956), the more reliable com- 
parison of fungistatic activity is that at pH 2-7, 
where the acids are predominantly undissociated 
(Simon & Blackman, 1949). The higher pH level 


9.9 














i 
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Table 1. Identification of principal metabolites of w-(2-naphthyloxy)-n-alkylcarboxylic acids 
incubated with Sclerotinia laxa 


The R, values were obtained with butanol-ethanol-aq. 3N-ammonia (4:1:5, by vol.) pl 
9." 
Substrate Metabolites M.p. Rp Identification ° 
2-Naphthyloxyacetic acid None* — 
3-(2-Naphthyloxy)propionic acid 8-Naphthol 119-120 0-91 Mixed m.p. 
Unknown compound (1) 0-48 — 
y-(2-Naphthyloxy)-n-butyrie acid 2-Naphthyloxyacetic acid 153-154 0-64 Mixed m.p. 7 
§-(2-Naphthyloxy)-n-valeric acid B-(2-Naphthyloxy)propionic acid 141-142 0-67 Mixed m.p. 
B-Naphthol 0-92 Ry 
Unknown compound (1) 0-48 
B-(6-Hydroxy-2-naphthyloxy)- Two unknown acidic compounds (0-25 (IT) 
propionic acid (II, IIL) {0-35 (IIL) 
y-(6-Hydroxy-2-naphthyloxy)- 6-Hydroxy-2-naphthyloxy- — 0-37 Ry 
n-butyric acid acetic acid 
* Trace of 6-hydroxy-2-naphthyloxyacetic acid detected chromatographically in two out of five experiments. Leal 
a% - bate 


Table 2. Fungistatic activity towards 8.laxaof acids naphthyloxy)propionic acid and also detected { was 
of the general formula C,,H,*O*[CH,],*CO,H chromatographically from  §-(2-naphthyloxy)-n- | anit 
(0-25 mm) in glucose—peptone—phosphate medium valeric acid. ated 
These results are analogous to those of Faweett, | posi 

Ingram & Wain (1954), who obtained phenol from | (II) 

flax plants which had been treated with the }  fissic 


Mean growth rate 
(mm./day) 





n pH 2-7 pH 7-0 corresponding phenoxy-n-alkylearboxylic acids, | plac 
1 0-03 17-69 but offer a marked contrast with previous work in }  metl 
; rine +2 which the propionic acid side chain resisted 3- | recer 
4 1-75 7.07 oxidation by A. niger (Byrde et al. 1956; Byrde & } DPD. | 
5 1-60 6-50 Woodcock, 1957). It is significant that when f-(6- | work 
6 4-60 15-07 - “ Th 
7 4-20 11-13 af ; ‘sii 
Control 7-72 19-75 Table 3. Mean growth rate of 8. laxa mycelium i 
Least significant 1-51 5-16 in the presence of B-(2-naphthyloxy)propioni A 
Siang sé . ; ; age 
difference (P =0-05) acid and B-naphthol at two pH levels is 
tto 
s : : B Conditions were as described in the text n-bu 
approaches that of the detoxication experiments. . 
e a é ae : acco! 
rhe effect of pH on the activity of 2-naphthyloxy- Mean growth 9 J 
acetic acid is particularly marked. ‘ 7 ee — 
: - : ; ; pH Compound added (m) (mm./day) naph 
In subsequent experiments the fungistatic a . 
activity towards S. laxa of f-(2-naphthylox 27 B-(2-Naphthyloxy)- 20 0-13 forms 
é ity ards S. laxa _B-(2-nap ithyloxy)- propionic acid 10 1-69 comy 
propionic acid and its detoxication product, p- 5 7-69 At 
naphthol, were compared at two pH levels. The 2-5 9-50 ; P 
; i ie : : ; rese 
growth-rate data are summarized in Table 3, and 8-Naphthol 40 0-13 = h 
the dose-response data, obtained by the probit 20 4:56 a 
; penis pr eee ES 5-88 aph 
method for quantitative analysis (Finney, 1952), in xO $< I 
Table 4 : F 5 10-00 pH 8 
able ° 9.5 “65 . 
2°5 11-63 activ’ 
DISCUSSION None 16-50 
Although the metabolism of the w-(2-naphthyloxy)- 70 B-(2-Naphthyloxy)- 160 
2 aa : ; ay ; propionic acid 80 
n-alkylearboxylic acids by <A. niger involved 40 
nuclear hydroxylation, followed by f-oxidation of 20 
the side chain, the former process was rarely en- 10 
countered in the present work with S. laxa. More- = 
over, the presence of substantial quantities of B-Naphthol 40 
° s ° ° ° 28 
unchanged acids after 7 days’ incubation with the 20 
fungus indicates a comparatively low rate of f- 14 
oxidation. Despite this poor breakdown, p- 5 





naphthol was isolated in small amount from B-(2- None sai 
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Table 4. 


Equation of probit 


pH Compound regression line 

2-7 B-(2-Naphthyloxy)propionic acid Y =6-11 -1-89x 
8-Naphthol Y =6-65 — 1-892 

70 £-(2-Naphthyloxy)propionic acid Y =10-54 —3-45x 
B-Naphthol Y =10-14 — 4-232 


* 5%, Fiducial limits are quoted in parentheses. 
+ No estimate possible, owing to non-parallelism of lines. 


hydroxy-2-naphthyloxy)propionic acid was incu- 
bated with S. lawa no 2:6-dihydroxynaphthalene 
was detected, which suggests that the retention of 
an intact propionic acid side chain may be associ- 
ated with the presence of a hydroxyl group in 
position 6. The presence of the acidic compounds 
(II) and (III) referred to in Table 1 suggests that 
fission of the hydroxyl-containing ring has taken 
place to some extent. A similar breakdown of 2- 
methoxynaphthalene by A. niger and S. laxa has 


recently been encountered (R. J. W. Byrde, 
D. F. Downing & D. Woodcock, unpublished 
work). 


The activity of the w-(2-naphthyloxy)-n-alkyl- 
carboxylic acids C,,H,-O°[CH,],°CO,H against 
8. lawa followed a similar pattern to that shown 
against A. niger with a peak in activity at n= 2-3. 
It follows that the conversion of y-(2-naphthyloxy)- 
n-butyric acid into the corresponding acetic acid is 
accompanied by a decrease in activity against 
8. lava. In comparisons of the activities of B-(2- 
naphthyloxy)propionic acid and f-naphthol, the 
former was the more active at pH 2-7 where both 
compounds are present as undissociated molecules. 
At pH 7-0, however, the acid, which is largely 
present as the anion, was less active than the 
naphthol, and hence the B-(2- 
naphthyloxy)propionie acid into f-naphthol at 
pH 8-1 is likely to be accompanied by an increase in 
activity. Because of the relatively small amounts 


conversion of 
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Dose-response data derived from Table 3 


10° ED,,* Slope of probit Relative 


(Mm) regression line potency* 

3°88 - 1-89 +.0-33 100-0 
(1-82--6-64) 

7-48 1-89 + 0°33 51-6 
(3-68-11-99) (27-3-100-6) 

43 4 3°45 +0-52 + 
(33-7—53-8) 

16-4 4-23 +0-85 + 


(14-0-21-2) 


Ratio of ED,, values, 2-65:1. 


of acid which are metabolized, this is unlikely to 
play an important part in its fungistatic activity 
towards S. laxa. 


SUMMARY 


1. By the use of Sclerotinia laxa in a replacement- 
culture technique, y-(2-naphthyloxy)-n-butyric and 
5-(2-naphthyloxy)-n-valeric 
oxidation to the corresponding acetic and pro- 


acids underwent f- 
pionic acids respectively. 

2. Similarly, B-naphthol was isolated in small 
amounts from f-(2-naphthyloxy)propionic acid; 
the fungistatic activity of the former was higher at 
pH 7 but lower at pH 2-7. 

3. Nuclear 
virtually absent. 

The authors wish to thank Mr G. M. Clarke for statistical 
advice and Miss M. Waller and Miss N. Waugh for valuable 
technical assistance. 


hydroxylation by S. laxa was 
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Purification of 8-Glucuronidase from the 


Preputial Gland of the Female Rat 
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Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 13 November 1957) 


Various methods have been reported for the puri- 
fication of mammalian £-glucuronidase. To com- 
pare the different products, it is most convenient to 
express the specific activities as glucuronidase 


units/mg. of protein, where 1 unit liberates 1 pg. of 


phenolphthalein from phenolphthalein glucuronide 
in 1 hr. at 38°. Smith & Mills (1953) applied metallo- 
protein reactions to the purification of the enzyme 
from ox liver and obtained a product with a 
specific activity of 32 000. This represented 800- 
fold the recovery 
Starting with calf liver, Bernfeld, 
Fishman (1953) reached specific activities of the 
order of 60.000 (1500-fold purification and 10% 
after alkaline 

followed by 

fractionation. A 
observed with 


urification, and was 5%. 
oO 


Nisselbaum & 


recovery ) ammonium sulphate 


fractionation, anion exchange and 
methanol specific activity of 
107 000 the individual 


preparation from calf liver, which was regarded as 


was best 
85% pure on the basis of electrophoresis data and 
a specific property solubility test. The same pro- 
cedure was less successful when applied to a com- 
mercial spleen powder (Bernfeld & Fishman, 1953), 
the final product having a specific activity of 7900 
(1400-fold purification and 1% recovery). It seems 
possible that the fractionation procedure did not 
separate denatured enzyme. Sarkar & Sumner 
(1950) achieved approximately 1000-fold purifica- 
tion of ox-liver B-glucuronidase by fractionation 
with dioxan, but these authors did not follow the 


customary method for measuring the activity of 


the enzyme. However, from data given by Bernfeld 
et al. (1953), the specific activity as defined above 
would appear to have been 31 000. [The figures 
actually quoted by Sarkar & Sumner (1950) and by 
Bernfeld et al. (1953) for the degree of purification 
in their liver preparations were six times greater 
than those shown above, having been calculated by 
comparing the initial activity/mg. of moist tissue 
with the final activity/mg. of protein.] 

Fishman and his co-workers (Bernfeld & Fish- 
1950; Bernfeld, Bernfeld, Nisselbaum & 
Fishman, 1954) found that f-glucuronidase in an 


man, 


advanced state of purity displayed a fall in net 
activity on dilution. This effect could be reversed 
by adding a variety of substances, such,as deoxy- 
ribonucleic acid (DNA), albumin or heat-inacti- 


vated enzyme. In spite of the wide difference in 
specific activities, the calf-liver and spleen pre. 
parations described above were apparently equally 
the and the 
activities quoted for these two preparations were in 
fact obtained in the presence of DNA. Smith & 
Mills (1953) could observe no variation with con- 


prone to dilution phenomenon, 


centration in the specific activity of their ox-liver 
preparation, but DNA and albumin did activate 
the enzyme at the pH of assay. 

As shown by Beyler & Szego (1954), the pre- 
putial (clitoral) gland of the female rat has a f- 
glucuronidase activity of the order of 1500 phenol- 
phthalein units/mg. of moist tissue (measured in 
the absence of DNA or albumin), making it the 
richest known source of the enzyme. Many other 
mammalian species lack this gland: it is present in 
the female mouse, but with negligible B-glucuronid- 
ase activity (Dr J. Conchie, personal communica- 
tion). 
putial gland has the same protein content as liver 
(16-5 % of the moist weight), an assumption that 
was subsequently found to be nearly correct (see 
below), this gland would appear to have a specific 
B-glucuronidase activity of 9000. From the results 
of Bernfeld et al. (1953), completely pure calf-liver 
B-glucuronidase should have a specific activity of 
120000. On the further assumption that the 
specific activity of the pure enzyme is the same in 
calf liver and in female-rat preputial gland, one 
the rather startling conclusion that 


On the assumption that female-rat_ pre- 


arrives at 
7-5% of the protein in the preputial gland is 6- 
glucuronidase. 

From calculations such as these, it was decided 
that purification of the enzyme from the preputial 
gland would be profitable, and after a simple four- 
fold fractionation a specific activity of 455 000 was 
attained on assay in the presence of albumin. 


EXPERIMENTAL AND RESULTS 
Enzyme assay 
Liberation of wphenolphthalein. Biosynthetic phenol 
phthalein f-glucuronide (Talalay, Fishman & Huggins, 
1946), final concen. 0-00063 M, was incubated with the enzyme 
for 1 hr. at 38° in 0-05m-acetic acid-NaOH buffer, pH 4°. 
The total volume of the incubation mixture was 4 ml., and 
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the remainder of the assay followed the procedure pre- 
viously employed (Levvy, 1952), with the slight modifica- 
tion described by Levvy, Hay & Marsh (1957) for determin- 
ing optimum pH values. 

Liberation of o-nitrophenol. Incubation of o-nitropheny] 
p-galacturonide (Marsh & Levvy, 19586) with the enzyme 
was carried out as described for phenolphthalein f-gluc- 
uronide. After 1 hr. at 38°, the reaction was terminated by 
adding 4 ml. of 0-4M-glycine-NaOH buffer, pH 10, and the 
mixture was centrifuged at 1500 g for 15 min. The intensity 
of the o-nitrophenol colour in the supernatant was read 
with a Spekker photoelectric absorptiometer, Ilford no. 601 
Under these conditions the sub- 
strate was stable to alkali. 

Liberation of phenol. Hydrolysis of phenyl B-glucuronide 
and phenyl f-galacturonide (Marsh & Levvy, 1958b) in 
0-05m-acetic acid-NaOH buffer, pH 4-5, was followed by 
the procedure of Kerr, Graham & Levvy (1948), the colour 
intensity being measured in the Spekker absorptiometer 
with Ilford no. 608 red filters. 


violet filters being used. 


Protein determination 


Protein was determined by the colorimetric method of 
Lowry, Rosebrough, Farr & Randall (1951), with the 
Spekker absorptiometer with Ilford no. 608 red filters. 
Since the colour intensity varies with different proteins, 
the choice of a standard is important with this method 
(Fig. 1). 
mately the same intensity as mixed tissue proteins (Lowry 
etal. 1951). The choice of this standard was confirmed by the 
results of micro-Kjeldahl determinations of N (Karunairat- 
nam & Levvy, 1951) in preputial-gland homogenates and in 
the enzyme at all stages of purification: the N figures 
ranged from 15 to 17 % of the protein, estimated as albumin. 
Fishman and his co-workers (Bernfeld & Fishman, 1953; 
Bernfeld et al. 1953, 1954) employed chymotrypsin as 
standard in determining the protein content of purified 


Albumin was selected because it has approxi- 


Extinction 





0 100 200 300 
Protein (yg.) 


Fig. 1. Calibration curves for different proteins determined 
by the method of Lowry et al. (1951) with the Spekker 
photoelectric absorptiometer (6-5 ml. scale): O, crystal- 
line bovine-pancreas chymotrypsin (L. Light and Co. 
Ltd.); x, crystalline salt-free chymotrypsinogen (L. 
Light and Co. Ltd.); @, crystalline bovine zinc-insulin 
(British Ltd.); A, 
albumin (L. Light and Co. Ltd.); A, salmon-roe protamine 
sulphate (L. Light and Co. Ltd.). Nitrogen contents 

were checked by micro-Kjeldahl. 


Drug Houses crystalline bovine 
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B-glucuronidase by the colorimetric method. Chymo 

trypsin is 1-5 times as chromogenic as albumin (Lowry et al. 
O51: Fi 

1951; Fig. 1). 


Purification procedure 


General comments. Results obtained by the final pro 
cedure are illustrated in Table 1. Since it tended to give 
higher and more reproducible figures, crystalline bovine 
albumin (L. Light and Co. Ltd.) was employed to activate 
the enzyme instead of DNA. Parallel assays were done 
without activator, but are not shown since the only factor 
that governed the extent of activation by albumin in this 
work was the enzyme concentration in B-glucuronidase 
units/ml. of incubation mixture (cf. Fig. 2). In other words, 
there was no change in the degree of activation (about 
100 % at the usual level of assay) from beginning to end of 
the purification. 

Preliminary experiments having shown that consecutive 
fractionations with ammonium sulphate or ethanol led to 
little purification after the first precipitation, and often to 
extensive inactivation, alternate fractionation with these 
two reagents was adopted. It can be seen that only at 
stage 5 was there much inactivation in the final procedure, 
most of the other losses resulting from the discard of side- 
fractions. 

Precipitates were allowed to settle for 30 min. at 0 
before centrifuging, which was done at the same temper- 
ature for 10 min. at 20000g. The high speed and low 
temperature were not essential before stage 4. Solutions 
were dialysed at 0° against 0-01M-acetic acid-NaOH 
buffer, pH 5-2, at which pH the enzyme is stable (Levvy 
et al. 1957). General manipulation of the preparation was 
done at ordinary room temperature. For successful 
fractionation it was essential to increase the initial buffer 
concentration to 0-1m. The final product (obtained in about 
1 week) was a clear colourless solution, in which the 
enzyme was stable at 0° for at least several weeks, provided 
that the buffer was not more dilute than 0-01m. There was 
25-fold purification and 26% recovery. 

Stage 1 (homogenate). A mixture of white and hooded 
adult female rats, usually discards from our breeding stock, 
was employed. From 25 rats a total of 2-72 g. of preputial 
gland was obtained. This was suspended in portions in 
water by means of a chilled glass homogenizer [Jencons 
(Scientific) Ltd., Hemel Hempstead, Herts]. The homo- 
genate was made 0-1™m with respect to acetic acid-NaOH 
buffer, pH 5-2, in a final volume of 27-2 ml., and incubated 
for 4 hr. at 38°. It was stored overnight at — 20°. The figure 
given in Table 1 for the total enzyme activity of the 
homogenate and the derived figure for the protein content 
(12% of the fresh tissue) are close to the means for several 
preparations. 

After thawing the homogenate, 
insoluble material was centrifuged off and washed on the 
centrifuge with ai equal volume of 0-1 M-buffer which was 


Stage 2 (supernatant). 


added to the supernatant. 

Stage 3( first ammonium sulphate fractionation). Saturated 
ammonium sulphate solution (at 0°) was added to the 
supernatant to give a final saturation of 20% and the pre 
cipitate was discarded. The preparation was brought to 
80% saturation with ammonium sulphate and this pre 
cipitate was retained. (Water was added where necessary in 
all stages of fractionation to correct for volume changes 
after mixing the reagents.) The precipitate was dissolved in 
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the minimal volume of 0-01 M-acetate buffer, pH 5-2, and 
dialysed against the same buffer for 2 days. Material that 
separated from solution during the dialysis was discarded, 
and the buffer concentration was increased to 0-1M. 

Stage 4 (first ethanol fractionation). Cold ethanol was 
added stepwise to give concentrations of 20, 45 and 65% 
(v/v). All three precipitates were retained and dissolved in 
minimal 0-1 m-buffer. 
material were discarded. 
ammonium sulphate fractionation). 
Fraction 46 was made 33, 60 and 75% saturated with 
ammonium sulphate. All three precipitates were brought 


volumes of Traces of insoluble 


Stage 5 (second 


into solution and dialysed as in stage 3. 

Stage 6 (second ethanol fractionation). After removing 
insoluble material and increasing the buffer concentration 
to 0-1, fraction 5b was treated with cold ethanol in final 
concentrations of 40, 45 and 65%. All three precipitates 
were dissolved in 0-1 M-buffer, in which they were completely 
Only the first fraction was pigmented. There 
should be no precipitate when the supernatant from frac- 
tion b is brought to an ethanol concentration of 50°%. 


soluble. 


Properties of the enzyme 
Liffects of varying the enzyme concentration and the 
duration of hydrolysis. The specific activity of the 
(and of crude preputial-gland 
homogenates) fell progressively on dilution as 
described by Bernfeld et al. (1954). This effect was 
abolished by adding albumin, DNA (from herring 


purified enzyme 


sperm; L. Light and Co. Ltd.) or concentrated 
heat-inactivated enzyme. The rate of hydrolysis of 
the substrate declined as the period of incubation 
with the enzyme was prolonged (cf. Bernfeld et al. 
1954), but remained constant up to 2hr. in the 
presence of albumin. These experiments were done 
with 0-00063M-phenolphthalein f-glucuronide in 
0-05M-acetate buffer, pH 4-5 or 5-2. 

Variation in activity with pH. To establish the 
best conditions for enzyme assay during the puri- 
fication, the experiments shown in Fig. 2 were done. 


Table 1. 


The pH-activity curves for the hydrolysis of 


phenolphthalein f-glucuronide by crude homo. 
genates and by the purified enzyme displayed two 
peaks, one at pH 4-5 and the other at pH 5-0-5-2, 
Activation by albumin caused little change in the 
shape of the curve. In agreement with Smith & 
Mills (1953), however, DNA altered the character 
of the curve by inhibiting at low and activating at 
high pH. The exact effect produced was a function 
of enzyme purity as well as dilution. 

It was recently reported (Marsh & Levvy, 1958a) 
that partially purified B-glucuronidase from the 
preputial gland (stage 3 above) hydrolysed 0-01m.- 
phenyl f-glucuronide in 0-125M-acetate buffer 
with a single optimum at pH 4-5, and that the same 
enzyme hydrolysed 0-01M-phenyl f-galacturonide 
with a single optimum at pH 3-9. 
Fig. 3, repetition of these experiments with our 
purest enzyme preparations in 0-05mM-acetate 
buffer gave similar results. Fig. 3 also shows that 
DNA acted as an inhibitor in the hydrolysis of the 
galacturonide below pH 6. The effect of DNA on 
the hydrolysis of phenyl f-glucuronide was similar 
to that shown in Fig. 2 where the substrate was 
B-glucuronide. acted 
purely as an activator in the hydrolysis of both 
phenyl f-glycuronides. 

From Fig. 3 it can be seen that the ratio of p- 
glucuronidase to activity at 
pH 4-5 was 1-4 in the purified enzyme preparation. 
The figure previously reported for the partially 
purified preparation (Marsh & Levvy, 1958a) was 
3-1 at this pH, due no doubt to tissue constituents 
producing a differential effect like DNA. Specific 
activities determined for the purified enzyme as in 
Table 1, but with 10 mm-phenyl £-glucuronide as 
substrate, were only 25% of the figures obtained 
with phenolphthalein f£-glucuronide. (When the 


As shown in 


phenolphthalein Albumin 


£-galacturonidase 


Purification of B-glucuronidase from female-rat preputial gland 


One glucuronidase unit (G.u.) liberates 1 pg. of phenolphthalein from 0-00063M-phenolphthalein £-glucuronide in 1 hr. 
at pH 4-5 in the presence of 0-01 % of albumin. Percentages of saturated ammonium sulphate solution (SAS) and ethanol 
are by volume, and indicate limits for precipitation. At stages 4 and 5, fraction b was taken for further purification. 


Stage Description 
] Homogenate 
2 Supernatant 
3 20-80% SAS 
4a 0-20 % Ethanol 
h 20-45% Ethanol 
c 45-65% Ethanol 
5a 0-33% SAS 
b 33-60% SAS 
c 60-75% SAS 
6a 0-40 % Ethanol 
b 40-45% Ethanol 


45-65% Ethanol 


Specific activity 
(a.u./mg. of 


Recovery 
(G.v./g. of 


protein) moist tissue) 
18 400 2 210 000 
21 800 2 010 000 
44 600 2 000 000 
11 000 16 500 
81 500 1 830 000 
417 4 570 


54 300 
217 000 
26 900 


180 000 
455 000 
106 000 


26 500 
930 000 
185 000 


133 000 


584 000 
117 000 
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enzyme activities are expressed as moles of 
aglycone liberated instead of pg., it can be seen that 
the two B-glucuronides are hydrolysed at nearly the 
same rate.) 


Effect of varying the substrate concentration in the 
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Fig. 2. Hydrolysis of 0-00063m-phenolphthalein £-gluc- 
uronide at varying pH valucs in 0-05M-acetate buffer by 
(a) a crude homogenate of preputial gland and (b) a 
purified preparation with a specific activity of 341 000 
(as defined in Table 1); x, no addition; O, 0-03% of 
DNA present; @, 0-01 % of albumin present. 
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Zo 


presence and the absence of inhibitors. 
work (Marsh & Levvy, 1958a), it was concluded 
that the f-glucuronidase and f-galacturonidase 
activity of a preputial-gland preparation are due to 
a single enzyme, because figures for K; for various 


In previous 


competitive inhibitors were practically identical 


with either phenyl f-glucuronide or phenyl f- 


galacturonide as substrate. This conclusion was 


borne out by the results of similar experiments 


with purified B-glucuronidase (Table 2), except when 


100 


80 


60 


40 


20 


Phenol liberated (yg.)/ml. of incubation mixture 





Fig. 3. Hydrolysis of 0-01m-phenyl f-glucuronide (@) 
and phenyl f-galacturonide (©) at varying pH values in 
0-05m-acetate buffer by purified f-glucuronidase 
(specific activity 455 000, see Table 1) in the absence of 
activator, and the effect of 0-03 % of DNA on the hydro- 
lysis of phenyl £-glucuronide (A) and phenyl f-galact- 
uronide ( x ). 


Table 2. Dissociation constants (mean values) for the complexes formed by purified B-glucuronidase 


with various substrates (K 


m 


) and competitive inhibitors (K;) 


Experiments were done in 0-05M-acetate buffer, pH 4-5, and unless otherwise stated 0-01°% of albumin was present. 
Saccharate and mucate solutions were boiled before use (Levvy, 1952). The specific activity (see Table 1) of the enzyme 


preparation was 434 000. 


Ky, 

Substrate (uM) 
Phenolphthalein B-glucuronide 50 

in the absence of albumin 

Phenolphthalein B-glucuronide 57 
Phenyl B-glucuronide 510 
Phenyl B-galacturonide 6500 
o-Nitrophenyl f-galacturonide 840 


K; 
= : v= ; ——y 
Saccharo- 
1:4-lactone Saccharate* Mucatet 
(um) (uM) (uM) 
0-17 26 
0-11 14 
0-31 14 
0-32 15 
1-1 70 


* Tn a boiled saccharate solution, one-third of the anion is present in the form of the inhibitory saccharo-1:4-lactone 


(Levvy, 1952). 
t Inhibition due to lactone formation in solution. 
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o-nitrophenyl f-galacturonide was employed as 


substrate. Both inhibitors acted competitively, 


and the results were analysed by the method of 


Lineweaver & Burk (1934). 

One_ possible 
results obtained with o-nitrophenyl B-galacturonide 
is that a different enzyme was responsible for the 


explanation of the anomalous 


hydrolysis of this substrate. It seems most un- 
likely, however, that a B-glucuronidase preparation 
with a f-glucuronidase activity of 434 000 units/ 
mg. of protein should also contain a highly active 
and specific o-nitrophenyl B-galacturonidase ; under 
the conditions specified in Table 2, the preparation 
liberated 350 000 p 
protein from 0-01 M-8-galacturonide in 1 hr. at 38 


g. of 


A more probable explanation of this phenomenon 


is that the nitro group modifies the combination of 


substrate with enzyme. The same phenomenon was 
encountered with a partially purified limpet f- 
glucuronidase preparation (Marsh & Levvy, 1958a), 
which gave the following values for the dissocia- 
tion constants of the complexes formed with the 
enzyme: o-nitrophenyl f-galacturonide 1-2 mm, 
boiled saccharate solution 2-9yM, boiled mucate 
solution 61m. The last two figures are ten times 
greater than those obtained with phenyl - 
glucuronide or phenyl £-galacturonide as substrate 
(cf. Marsh & Levvy, 1958a). 

Inhibition by excess of substrate was not ob- 
served with any of the substrates except phenol- 
B-glucuronide, with which it became 
apparent 0-00063 mM, the 


absence of albumin, as illustrated by a typical 


phthalein 


above particularly in 


experiment in Fig. 4. 
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Fig. 4. Effect of varying the substrate concentration (S) on 


the rate of hydrolysis of phenolphthalein £-glucuronide at 
pH 4-5in0-05M-acetate Luffer by purified B-glucuronidase 
(specific activity 434 000, see Table 1) in the presence (O) 
and the absence (x) of 0-01% of albumin. Rates are 
expressed as a percentage of the optimum in each case. 


o-nitrophenol/mg. of 
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DISCUSSION 


We consider that our figures for specific f-gluc. 
uronidase activity are directly comparable with 
those obtained by Bernfeld et al. (1953), despite 
their use of the more chromogenic chymotrypsin 
instead of albumin as standard protein (ef. Fig. 1), 
because their assays were done at pH 5 in the 
presence of DNA instead of pH 4-5 in the presence 
of albumin. Their stated optimum was at pH 4:5, 
and it is therefore probable that only two-thirds of 
the maximum enzyme activity was displayed under 
their conditions of assay (cf. Fig. 2). It appears 
that f-glucuronidase at high dilution does require 
the presence of other proteins to display its full 
activity, but DNA cannot be regarded as a satis- 
factory substitute since its effect is influenced by 
other tissue constituents and by pH. 

Although we have obtained a specific activity of 
455 000, as compared with the theoretical figure of 
120 000 put forward by Bernfeld et al. (1953) for 
the pure enzyme from calf liver, we do not feel that 
we have necessarily approached the ultimate figure 
for the enzyme from preputial gland. Paucity of 
material precluded systematic application of the 
usual physical tests of homogeneity. On paper 
electrophoresis at pH 6-9 in phosphoric acid—NaOH 
buffer, ionic strength 0-05, protein migrated almost 
entirely as a single band when the specific activity 
was only of the order of 50000, and this band 
stained uniformly for £-glucuronidase when 
sprayed with phenolphthalein £-glucuronide in the 
usual acetate buffer, and then with alkaline buffer 
after a short period of incubation. 

Where more than one peak is observed in the 
pH-activity curve for B-glucuronidase, Smith & 
Mills (1953) consider on the basis of earlier am- 
monium sulphate fractionations that each peak is 
due to a distinct protein. An alternative explana- 
tion (Levvy, 1953) is that the shape of the pH 
activity curve, even when there is only one peak, is 
a function of the environment (including the 
nature and concentration of tissue constituents, 
buffer and substrate). In view of the different 
curves obtained for different substrates with the 
purified preputial-gland enzyme in the presence or 
the absence of DNA, we favour the latter explana- 
tion. 

The differential action of DNA on the f-gluc- 
uronidase and £-galacturonidase activities of the 
enzyme suggests that the multiplicity of enzymes 
in the mammalian cell may sometimes perhaps be 
apparent than Complex formation 
between an active protein and other tissue con- 
stituents could feasibly yield products of differing 
specificity in a simple fractionation procedure, in 


more real. 


particular one based on centrifuging the enzyme in 


aqueous tissue suspensions. 
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£-Glucuronidase finds its major application at 
the present time in the hydrolysis of urinary 
steroid glucuronides, and where rats are freely 
available the female preputial gland would appear 
to be a useful source of the enzyme in a concen- 
trated form. It has an activity, in phenolphthalein 
units/g. of fresh tissue, 100 times greater than rat 
liver and 20 times greater than the visceral hump 
of the limpet (Patella vulgata). The product ob- 
tained at stage 3 above is probably sufficiently 
pure for most purposes. 


SUMMARY 


1. B-Glucuronidase from the female-rat pre- 
putial gland has been purified 25-fold to give a 
final activity of 455 000 phenolphthalein units/mg. 
of protein on assay in the presence of albumin. 

2. In agreement with Bernfeld et al. (1954), the 
specific activity fell progressively on dilution, and 
this effect was abolished by adding albumin. 

3. The 


galacturonides. 


purified enzyme also hydrolysed p- 


The authors are indebted to Dr E. I. McDougall for the 
paper electrophoreses. 
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The Thiol Groups of Normal Adult Human Haemoglobin 


By A. 


C. ALLISON* anp R. CECIL 


Department of Biochemistry, University of Oxford 


(Received 21 October 1957) 


The analysis of the thiol groups in normal adult 
human haemoglobin has been the subject of a 
number of recent papers (Ingram, 1955; Benesch, 
Lardy & Benesch, 1955; Hommes, 
Drinkwaard & Huisman, 1956; Murayama, 1956). 


Santema- 


These workers all used the method of ampero- 
metric titration with silver nitrate (Kolthoff & 
Harris, 1946; Benesch & Benesch, 1948). They 
found that, in general, there were four reactive 
thiol groups/molecule of native protein and eight 
in the denatured protein. On the other hand, 
Ingbar & Kass (1951), using the same method but 
with sodium chloride in the supporting electrolyte, 
found two thiol groups/molecule of native protein. 
The same result was obtained by Hughes (1950) 
with methylmercuric iodide. 

The reason for the discrepancy between the 
different findings is suggested by some of Ingram’s 
with silver 


(1955) results. As well as titration 


* Medical Research Council Unit for Research in Cell 
Metabolism. 


nitrate, he carried out amperometric titrations 
with mercuric chloride and a rotating platinum 
indicator electrode (Kolthoff, Stricks & Morren, 
1954). 
under the conditions specified, the endpoint of the 


Kolthoff and his colleagues found that, 


mercuric chloride titration occurs when the ratio of 
mercury to thiol is 1:1. With simple thiols such as 
cysteine and glutathione this corresponds to the 
compound (RS),Hg,, where one mercury atom is 
firmly bound as the dimercaptide (RS),Hg and the 
other is less firmly bound, probably by carboxy]. 
With proteins steric considerations may make it 
difficult for two thiols to react with one mercury 
atom and a compound of the type Prot:S:HgCl is 
formed. Thus Edelbach, Katchalsky, Maybury, 
Hughes & Edsall (1953) showed that mercaptalbu- 
min (Alb*SH) reacts rapidly with mercuric chloride: 
Alb-SH + HgCl, = Alb:S*HgCl+ HCl. 
A slow reaction follows with excess of protein: 


Alb:S: HgCl+ Alb:SH = Alb:S*Hg°S-Alb+ HCl, 


Is 


but the dimercaptide reacts rapidly with mercuric 
chloride: 


Alb*S:Hg-S:Alb+ HgCl, = 2Alb*S:Hg°Cl. 


Hence in the presence of an excess of mercuric 
chloride the product will be Alb-S*Hg-Cl. Thus 
with simple thiols and with proteins the equi- 
valence point of this titration will occur when the 
mercury to thiol ratio is 1:1, although for different 
reasons. 

However, Ingram (1955) interpreted the results 
titrations of 
mercuric chloride on the basis of a ratio of mercury 


of his human haemoglobin with 
to thiol of 1:2, because only in this way could he 
account for the results obtained by silver titration. 
For instance, he found that native human haemo- 
globin binds 3-9 silver atoms and 2-2 
atoms/molecule. An alternative explanation is 
that the mercury results should be interpreted on 
the 1:1 basis and that the results with silver are 
high. Cecil & McPhee (1955) found that the silver 
mercaptides of simple thiols bind additional silver 
ions strongly and that large errors (30-40%) may 
result if the conditions of titration of each thiol are 
not checked with the pure substance. 

Two lines of evidence from ‘Ingram’s paper 
this interpretation: (i) the number of 
atoms of silver bound/molecule of haemoglobin fell 
as the concentration of ammonia in the supporting 
electrolyte increased. This suggests that the con- 
centration was insufficient to prevent binding of 
additional silver ions by the ‘haemoglobin silver 


mercury 


sup} Ort 


mereaptide; (ii) when p-carboxyphenylmercuric 
chloride was added to haemoglobin before titration 
with silver nitrate, the addition of one molecule of 
the mercurial reduces by two the number of silver 
atoms bound. Since a mercurial of this type reacts 
with only. one equivalent of thiol (Benesch & 
Benesch, 1952) it is extremely unlikely that it can 
block two. If, on the other hand, eavh thiol group 
is binding more than one silver atom the observa- 
tion is explained. 


EXPERIMENTAL 
Preparation of materials 


Specimens were obtained from three 
normal adult subjects, two male and one female. Blood 
was collected into 0-2M-sodium citrate, adjusted to pH 7-4. 
The erythrocytes were washed three times in a large volume 
of 0-15mM-NaCl. After the final centrifuging an equal volume 
of water was added to the packed cells and the mixture 


Haemoglobin. 


frozen twice to lyse the cells. The haemolysate was dialysed 
at 4° against three changes of water and then centrifuged to 
remove stroma. Carbon monoxide was bubbled through 
the clear supernatant. Solutions of carboxyhaemoglobin 
(HbCO) were stored over CO in order to prevent the forma- 
tion of methaemoglobin. 


A. C. ALLISON AND R. CECIL 


1958 


Concentrations were calculated from the absorption at 
538 mp. The millimolar extinction coefficient used (per 
four Fe atoms) was 59-6. This value was based on total-iron 
analyses by the method of Paul (1948). 

Phenylmercuric hydroxide (PhHgOH). This was made 
from basic phenylmercuric nitrate (British Drug Houses 
Ltd.) by the method of Schramm (1947). Solutions were 
made up in water to approx. 10 mm. Concentrations were 
checked by potentiometric titration against KBr in HNO, 
at pH 2, with a mercury electrode as indicator. (For a 
description of the apparatus see Cecil, 1955.) The titres 
obtained were 96-98% of the weighed concentrations in 
different preparations. Schramm titrated his preparation 
with HCIO, in the presence of NaCl. On a pure sample of 
PhHgOH this gives the same result as the KBr titration. 
The latter has the advantage, however, that it measures 
the concentration of PhHg* ion rather than OH ion and 
so can be used equally well for basic phenylmercuric 
nitrate, which is available commercially. If desired, this 
reagent can be used in place of PhHgOH. 

Mercuric chloride. Reagent-grade HgCl, was recrystal- 
lized once from water. 

Sodium dodecyl sulphate (SDS). A sample (L. Light and 
Co. Ltd., Colnbrook, Bucks) was recrystallized once from 
ethanol. 

Nitrogen. Oxygen-free N, (British Oxygen Co. Ltd.) was 
passed through a gas-washing bottle containing vanadous 
sulphate (Meites, 1948). 
monoxide. This was obtained from Imperial 
Chemical Industries Ltd., Gaskell Marsh Works, Widnes. 


Carbon 


Apparatus 


For titrations and current-voltage curves closed vessels 
were used and a stream of N, was passed through them to 
remove O, from the solutions. The vessels held 4-6 ml., 
and 0-2-1 pmole of HbCO was dissolved in this volume of 
solution. A dropping mercury electrode was used, the 
characteristics of the capillary being: m=1-95 mg. sec.-, 
t =3-2 sec. (open circuit), h =57 cm. The reference electrode 
was connected by a saturated KCl-agar bridge, and all 
potentials are expressed relative to the saturated calomel 
electrode. Titrations and current-voltage measurements 
were carried out at room temperature. A Tinsley Recording 
Polarograph type 12 was used to record current-voltage 
curves, and a manual circuit of the type described by 
Kolthoff & Lingane (1952) was used for titrations. 

Frothing. In the early experiments caprylic alcohol 
(octan-2-ol) was used to stop frothing of HbCO when N, 
was bubbled through the solutions. It is effective but, 
being surface-active, influences some of the reactions at the 
dropping mercury electrode. Some examples of this are 
given. An alternative method of preventing frothing is to 
smear a ring of silicone high-vacuum grease round the top 
half-inch of the titration vessel. This procedure appears not 
to affect the electrode reactions and was used unless other- 
wise stated. 

Analytical methods 


Titrations with mercuric chloride. The technique was 
essentially that described by Stricks, Kolthoff & Tanaka 
(1954) for the estimation of disulphides with the dropping 
mercury electrode. Apart from the magnitude of the 
diffusion currents obtained, there are two important 
differences in the behaviour of the dropping mercury and 
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rotating platinum electrodes. One is that the sulphito- 
mercury complex is reduced at the mercury but not at the 
platinum electrode, so that if titrations are to be carried 
out in the presence of sulphite the mercury electrode must 
be used. HbCO has a considerable affinity for O,, and N, 
bubbling alone may take 30 min. or more to remove the 
last traces. The presence of sulphite reduces this time to 
5-10 min. Since HbCO does not appear to contain any 
disulphide bonds (see below) the use of sulphite is per- 
missible. 

The second difference is that with simple thiols the end- 
point occurs when the Hg to SH ratio is 1:2, corresponding 
to the compound (RS),Hg. This is because the loosely 
bound atom of mercury in the compound (RS),Hg, is 
reduced at the same potential as free Hg?+ ions at the 
dropping mercury electrode but not at the 
platinum electrode. With proteins, however, the prob- 
ability is that the half mercaptide Prot-S*HgCl will be 
formed and the endpoint will occur when the Hg to SH 
ratio is 1:1. On the other hand, if the thiols are in close 
proximity, or if the protein has been denatured, the 1:2 
ratio may obtain. Because of this possible ambiguity 
HgCl, titrations cannot by themselves give the required 
answer. 

Unless otherwise stated, the supporting electrolyte 
consisted of: KCl, 0-15mM; Na,B,O,, 0-02m; Na,SO,, 0-04— 
0-1m. The bottom of the titration vessel was covered with 
a layer of CHCl, to prevent reaction between Hg** ions and 
Hg from the dropping electrode. Titrations were normally 
carried out at —0-25v. 

Titrations with phenylmercuric hydroxide. In view of the 
possible ambiguity in the Hg(Cl, titrations another reagent 
was needed which is univalent towards thiol. Silver 
nitrate is unsuitable for the reasons already given, but 
organic mercurials of the type R*Hg-X are suitable. 
Phenylmercuric hydroxide was chosen because it is easily 
prepared and estimated, and moderately soluble in water. 
The reaction with thiols is as follows: 


rotating 


PhHgOH + RSH + Hg-S-R+ +H,0. 


It is the same with simple thiols and with proteins. The 
polarographic behaviour of PhHgOH and its mercaptides 
has been described by Benesch & Benesch (1951, 1952). 
PhHgOH has also been used by Cecil & Loening (1957) in 
work on the disulphide bonds of insulin. The apparatus and 
supporting electrolyte was the same as that for the HgCl, 
titrations except that CHCl, is not used as there is no 
interaction between PhHgOH and mercury. The potential 
was normally —0-5v. 


RESULTS 
Native carboxyhaemoglobin 


Titrations with mercuric chloride. The relevant 
current-voltage curves are shown in Fig. 1. The 
titrations were carried out at —0-25v and a typical 
titration curve is shown in Fig. 2. Constant titres 
were obtained when the sulphite concentration was 
varied from 0-02 to 0-1m. In the absence of sulphite 
the titres were 5% higher. These results are sum- 
marized in Table 1. If caprylic alcohol is used to 
prevent frothing the Hg?* shows an 


ion wave 
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anomalous dip (see Fig. 5, curve ¢) similar to that 
found by Stricks et al. (1954) when they titrated 
glutathione (GSH) with HgCl, in an ammonia 


buffer. 
05 
0-4 
(b) 
0:3 
S 02 (a) 
° 
5 01 
U 
0 
-0+1 
hs a a 
Voltage (v) 
Fig. 1. Current—voltage curves of Hg**+ ion in the presence 


of native HbCO; (a) 5ml. of 9-4x10-5m-HbCO in 
0-15M-KCl, 0-02M-Na,B,0,, 0-08m-Na,SO,; (6b) +0-125 
ml. of 10 mm-HgC!,, showing the free Hg?*+ ion wave. 
This corresponds to point A in Fig. 2. 


<> 


0 002 004 0:06 008 010 012 014 016 018 
Vol. of 10mM-HgCl, (ml.) 
Fig. 2. Amperometric titration of native HbCO with 
10 mm-HgCl, at —0-25v; 5 ml. of 9-4 x 10-°m-HbCO in 
0-15M-KCl, 0-02M-Na,B,0,. 0-08M-Na,.SO3. 


Table 1. Titration of native carboxyhaemoglobin 
with mercuric chloride and phenylmercuric hydr- 
oxide 

PhHgOH 


bound/mol. 


Hg?+ ion 
bound/mol. 


Conen. of Na,SO, in 
supporting electrolyte 


(mM) of HbCO of HbCO 
0-02-0-1 2-14 2-20 
0 2-24 2-30 
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Titration with The 
relevant current—voltage curves are shown in Fig. 3. 


phenylmercuric hydroxide. 
The half-wave potentials of both waves of PhHgOH 
of HbCO 


are slightly affected by the presences 


(cf. Benesch & Benesch, 1951). Fig. 4 shows a 
typical titration carried out at a potential of 
0-5v. The results, summarized in Table 1, are 


slightly higher than those obtained with HgCl,. 
This difference between the PhHgOH and HgCl, 
titres was observed with all the samples of HbCO 
and is probably just significant. It could be due to 
the formation of a small amount of (RS),Hg as well 
as RSHgCIl. 

Effect of mercaptides. Stricks et al. (1954) found 
that the anomalous dip in the Hg? 


ion wave 


mentioned earlier could be removed by the addi- 


tion of a smaljl amount of cystine, and it was of 
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Fig. 3. Current—voltage curves of PhHgOH in the presence 


of native HbCO; (a) 5ml. of 7-4x10-'m-HbCO in 
0-15mM-KCl, 0-02 M-Na,B,0,, 0-08 M-Na,SO, ; (6) +0-13 ml. 
of 10mm-PhHgOH. This corresponds to point A in 
Fig. 4. 
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Fig. 4. Amperometric titration of native HbCO with 


10 mm-PhHgOH at -—0-5v; 5 ml. of 7-4 x 10-5meHbCO 
in 0-15M-KCl, 0-02M-Na,B,0,, 0-08m-Na,SO,. 
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interest to see whether the same applied here, 


Since sulphite and Hg?*t ion were present the 
effective agent was the mercaptide (CyS),Hg. 


Solutions of this were prepared by mixing equiva- 
lent quantities of cysteine hydrochloride and HgCl, 
and varying amounts of the mixture were added 
to the haemoglobin titration solutions. The dip in 
the wave was removed, but there were two other 
effects. An anodic wave appeared in the current- 
voltage curve, indicating the presence of a low- 
thiol, the HgCl, titre 
decreased until, in the presence of an excess of 


molecular-weight and 
mercaptide, it was halved. If the titration was 
carried out with PhHgOH the titre was not altered. 
These observations can be accounted for by the 
following reaction: 


Prot*SH + (CyS),Hg => Prot:S:Hg-S*Cy + CySH 


so that the protein thiol is replaced by free cysteine. 
Similar results were obtained with the mercaptides 
of eysteamine and thioglycollic acid. 

As most thiols are oxidized rapidly at pH 9, 0, 
should be removed from the solution before adding 
the mercaptide. 

The half-wave potential of the wave of the 
cysteine produced by the addition of (CyS),Hg is 
—0:45v, whereas the EH, of the cysteine wave at 
pH 9 is normally —0-53v. However, it was found 
that 
globin to a solution of cysteine shifted the half- 


the addition of a small amount of haemo- 
wave potential from — 0-53 to — 0-45. This shift is 
most likely due to absorption of haemoglobin on 


the Hg drop. 


Denatured carboxyhaemoglobin 


Two methods of denaturation were tried and the 
results are summarized in Table 2. 

It was found that although the thiol groups in 
the native protein are stable to oxidation those in 
the denatured protein are not. Unless precautions 
are taken to avoid oxidation, considerable errors 


may result. The procedure adopted in all thes 
experiments was as follows. The supporting 
electrolyte was made up in the first instance with- 


HbCO 


added, followed by a slight excess of PhHgOH. 


out the denaturing agent and the native 


Table 2. 


with mercuric chloride and phenylmercuric hydr- 


Titration of denatured carboxyhaemoglobi) 


O27 ide 


Conen. of 


Na,SO, in Hg*+ ion PhHgOH 
supporting bound/ bound 
Denaturing electrolyte mol. of mol. of 
agent (mM) HbCO HbCO 
SDS 0-04-0:1 3 6-0 
(pH=9) 
Acetic acid 0-04-0-1 3-0 72-65 


(pH=3) 
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Nitrogen was bubbled through to mix the solution 
and remove O,, and the denaturing agent was then 
added. Thiol groups liberated by denaturation 
react immediately with the PhHgOH and oxid- 
ation is avoided. The residual current was deter- 
mined in a separate experiment. 

Denaturation with sodium dodecyl sulphate. The 
molar concentration of SDS 150-200 
times that of the HbCO. The protein was buffered 
at pH 9 and the titration carried out at the same 


used was 


pH. 

(i) Titrations with PhHgOH: The titration con- 
ditions used were the same as with the native 

< 
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ve 
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Voltage (v) 


-04 74 =To 

Fig. 5. Current—voltage curves of Hg®+ ion under various 
conditions. (a) Residual-current curve of buffer 
composition 0-15M-KCl, 0-02mM-Na,B,0,. 0-04mM-Na,SO,. 
(6) Buffer +10-*m-HgUi, showing normal Hg?* ion 
curve. (c) Buffer + 4 x 10-5m-HbCO denatured with 0-4% 
SDS +3 x 10-4m-HgCl, (excess =6 x 10-5), showing the 
anomalous dip in the Hg** ion curve. A similar effect is 
obtained with native HbCO in the presence of caprylic 
alcohol. (d) Buffer +4x10-5mM-HbCO denatured with 
04% SDS+2-8x10-*m-HgCl, (excess =4 x 10-5m) +2 

Instead of a single curve 


1-3v 


drops of caprylic alcohol. 
there are now two waves with FL, of 
respectively. 


0-7v and 








=03 s 
202 
6 01 
. eeipneeresineliscnemnde t 1 ne 
0002 004 006 008 010 012 014 016 


Vol. of 10 mm-HgC! 

Fig. 6. Amperometric titration of HbCO, denatured with 

SDS with 10 mm-HgCl, at —0-2v; 5 ml. of 4-7 x 10-m- 

HbCO in 0:4% SDS, 0-15mM-KCl, 0-02m-Na,B,0,, 
0-04m-Na,SO,. 


(ml.) 


of 


THIOL GROUPS OF HUMAN HAEMOGLOBIN 3] 


protein, namely pH 9 and —0-5v. The results were 
constant over a range of sulphite concentration of 
0-04-0-I1m: in the absence of sulphite they were 
6-8 % higher. A figure of 6-0+0-1 thiol groups/ 
mol. was obtained for all three samples of HbCO. 

(ii) Titrations with HgCl, : The normal practice of 
having a layer of CHCl, at the bottom of the cell to 
prevent reaction between Hg and Hg?* ion could 
not be followed because of the presence of SDS. 
Instead, a cell used with a tube of 2 mm. 
diameter in the bottom into which the drops of Hg 
fell. A layer of saturated KCl the Hg 
prevented the protein solution from entering the 
In the of SDS HbCO the 


current—voltage curve of Hg?+ ion shows the same 


was 
above 


tube. presence and 
anomalous dip as it does with native HbCO, and 
with SDS, HbCO and caprylic aleohol, the curve of 
Hg?+ ion shows two separate waves. These current 

voltage curves, together with a normal one, are 
reproduced in Fig. 5. Titrations were tried at 
—0-2v without caprylic alcohol and at — 1-0v with 
it. In both the current was proportional to only a 
concentration the 
titration curves were of the shape shown in Fig. 6. 
The accuracy of such titrations is limited but they 
serve to show that three atoms of mercury, and not 
HbCO denatured 


small range of Hg?+ ion and 


six, combine with one mol. of 
with SDS. 

Denaturation with acid. Sufficient M-acetic acid 
was added to bring the protein solution to about 
pH 3. The solutions were allowed to stand at this 
pH for 5 min. before titration. The HbCO is pre- 
cipitated by this treatment and caprylic alcohol 
had to be used as the anti-frothing agent in order to 
keep the precipitate finely dispersed. If silicone 
grease is used the precipitate forms a clot on the 
grease. 

(i) Titrations PhHgOH: as satisfactory 
titrations could not be obtained at pH 3 they were 
carried out at pH 9 and —0-5v. After denaturation 
was complete sufficient 0-1M-Na,B,O, and 0-5N- 


with 


NaOH were added, together with the required 
amount of sulphite, to bring to pH 9. The excess of 
reagent lines were straight but the titres continued 
to decrease with increasing sulphite concentration. 
This is an indication that some PhHgOH is being 
bound by groups other than thiol. The lowest 


titre obtained was 6:5 mol. of PhHgOH/mol. of 
HbCO and it must be assumed that this figure is 
high. 

(ii) Titrations with HgCl,: the protein vy 





denatured at pH 3 and the titrations were carried 
out at this pH and —0-25v. The relevant current 


voltage curves are given in Fig. 7. The large wave 
starting at —0-35v is due to the presence of 


HSO, ion. Normal titration curves were obtained. 
The titres were constant over a range of sulphite 


concentration (0:04—0-I1mM) and three atoms of Hg 
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were bound/mol. of HbCO. This means that each 
Hg atom binds two thiol groups. It confirms the 
figure of six thiol groups/mol. found with SDS- 
denatured HbCO and is further evidence that the 
figure of obtained with PhHgOH on 
denatured HbCO is high. 
Test for disulphide bonds. 
used in the supporting electrolyte for the titrations 


6-5 acid- 
Sodium sulphite was 


both to expedite the removal of O, and to prevent 


binding of PhHgOH by groups other than thiol. If 


any disulphide bonds were present they would be 
expected to react with sodium sulphite according to 
the equation 


RSSR + SO,?- = RS” + RSSO,” 





resulting in an increased thiol titre in the presence 
of sulphite. In fact, lower titres were always 
obtained in the presence of sulphite than in its 
absence. Sodium thiosulphate can also be used to 
prevent non-thiol binding of PhHgOH although it 
does not help to remove O,. Unlike sodium sul- 
phite it does not react with the disulphide bond of 
If thiosul- 


phate is substituted for sulphite in the titrations 


cystine (R. Cecil, unpublished work). 


described, then, apart from the longer time taken to 


0-6 
0-5 


0-4 


° 
w 


° 
nN 


Current (#A) 


0-1 


-0-1 


+02 0 -02 -0-4 0-6 
Voltage (v) 

Fig. 7. Current—voltage curves of Hg?+ ion in the presence 
of HbCO denatured with acetic acid at pH=3; (a) 5 ml. 
of 7-5 x 10-5'm-HbCO in 0-2mM-KNO,, 0-4M-acetic acid, 
0-04m-Na,SO, + 1 drop of caprylic alcohol; (6) +0-06 ml. 
of 10 mm-HgCl,. 
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remove O,, the same results are obtained. It may 
be assumed from these two lines of evidence that 
there are no disulphide bonds in the HbCO that 
react with sulphite. 

Cecil & Loening (1957) have shown that one of 
the disulphide bonds in insulin does not react with 
sulphite alone but does react with a mixture of 
sulphite and PhHgOH at pH 9. Accordingly, a 
solution of HbCO denatured with SDS as before, 
containing sulphite (0-04m) and twice the amount 
of PhHgOH required to react with the thiol groups 
present, was incubated for 30min. at 25°. The 
remaining excess of PhHgOH was then back- 
titrated with cysteine at —0-5v. The amount of 
PhHgOH that had reacted with the HbCO corre. 
sponded with the known thiol content and there 
was no evidence of disulphide reactivity. 

Titration of 2:3-dimercaptopropanol with silver 
nitrate in the presence of phenylmercuric hydroxide. 
Ingram (1955) used a mercurial, p-carboxyphenyl- 
mercuric chloride, to block the thiol groups of 
haemoglobin against titration with AgNO,. He 
suggested that 1 mol. of mercurial, although it can 
combine only with one thiol group, can block two 
such groups against titration with AgNO, provided 
that they are in close proximity. 

An aqueous solution of 2:3-dimercaptopropanol 
(BAL) was titrated potentiometrically at pH 2 with 
AgNO, (Cecil & McPhee, 1955). Half an equivalent 
of PhHgOH was added to another sample and it 
was found that the remaining half equivalent of 
free thiol could be titrated with AgNO,. 

Coal gas as a source of carbon monoxide. It is 
common practice to use coal gas for preparing 
HbCO. This practice was originally adopted in the 
present work. It was then found that solutions of 
HbCO thus prepared contained some low-mole- 
cular-weight thiol which was partly liberated in the 
presence of a neutral salt. When separated by 
dialysis against KCl solution this thiol was found to 
have an ultraviolet-absorption spectrum closely 
resembling that of ergothioneine, although it did 
not give the Hunter (1928) diazo test. It was only 
later that a thiol with the same properties was 
isolated from Oxford coal gas. Thereafter pure CO 
was used. 


DISCUSSION 


It was suggested in the introduction that previous 
results could best be explained on the assump- 
tion that the reaction of mercuric chloride with 
haemoglobin results in a compound of the type 
Prot‘S:HgCl rather than the dimercaptide 
(Prot:S),Hg. This is confirmed by the finding that 
native carboxyhaemoglobin gives the same titre 
(within 3%) with mercuric chloride and phenyl- 
mercuric hydroxide. Phenylmercuric hydroxide can 
combine only with one equivalent of thiol unless, of 
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course, the mercury—carbon bond splits. Although 
this is a weak bond and can be split by reagents 
such as bromine, or more slowly by dithizone 
(Webb, Bhatia, Corwin & Sharp, 1950), there is no 
evidence that this splitting occurs under the condi- 
tions used for titration. 

The situation with the denatured protein is 
different in that the number of molecules of phenyl- 
mercuric hydroxide bound is twice the number of 
mercury atoms bound. Presumably therefore the 
structure of the denatured protein is sufficiently 
disorganized for the dimercaptide (RS),Hg to be 
formed with Hg?+ ion. The fact that the thiol 
groups in the denatured protein are easily oxidized, 
whereas those in the native protein are stable, is 
another indication of the same effect. 

It is interesting to note here that Ingram (1955), 
using the rotating platinum electrode, found that 
six atoms of mercury were bound/mol. of carboxy- 
haemoglobin denatured with SDS. This fits with 
the assumption that the denatured protein is 
behaving in the same way as a low-molecular 
thiol and that Ingram’s endpoint corresponds to the 
compound (RS),H¢g,. 

We have now to consider whether these titrations 
give a true measure of the number of thiol groups in 
haemoglobin. If either phenylmercuric hydroxide or 
Hg*+ ion was being bound by groups other than 
thiol under the conditions used for titration, then: 

(i) The amount of such binding, and therefore 
the apparent titre, would be expected to decrease 
as the concentration of sulphite, which forms a 
low-molecular-weight reducible complex with 
phenylmercuric hydroxide and Hg?+ ion, is in- 
creased. This occurs in one case, the titration of 
acid-denatured carboxyhaemvuglobin with phenyl- 
mercuric hydroxide, when it is known that the 
results are high. In all the other titrations, how- 
ever, there is a wide range of sulphite concentration 
over which constant titres are obtained. 

(i) With the exception of the titration of acid- 
denatured carboxyhaemoglobin with phenylmer- 
curic hydroxide the agreement between the 
phenylmerecuric hydroxide and mercuric chloride 
titrations is good. Since it is most unlikely that 
Hg*+ ions and phenylmercuric hydroxide would be 
bound by non-thiol groups to exactly the same 
extent, the probability is that such binding is 
negligibly small in both cases. 

In view of this there is little doubt that the 
figures of four thiol groups/mol. of native haemo- 
globin and eight thiol groups/mol. of denatured 
haemoglobin, obtained variously by Ingram (1955), 
Benesch et al. (1955), Hommes et al. (1956) and 
Murayama (1956), are too high. It has been shown 
by various techniques (Kunkel & Wallenius, 1955; 
Morrison & Cook, 1955; Allison & Tombs, 1957) 


that normal adult haemoglobin as usually pre- 
3 


THIOL GROUPS OF HUMAN HAEMOGLOBIN 








33 


pared is not homogeneous but consists of one 


Hence an 
integral number of thiol groups/mol. would not 
necessarily be expected. Stein, Kunkel, Cole, 
Speakman & Moore (1957) have found four to five 
half-cysteine residues/mol. for the major com- 
ponent of haemoglobin, which suggests that one or 
both of the minor components may have a thiol 
content greater than six groups/mol. 

An attempt was made to analyse the different 
fractions obtained by the method of Allison & 
Tombs (1957). However, these fractions gave 
anomalous titrations for reasons which have yet to 
be established. It was thought to be worth while 
publishing the results on unfractionated haemo- 
globin as most of the earlier work has been done 
with this material. 

The figure of 2-2 thiol groups/mol. of native 
haemoglobin could represent the mean for the 
different components. On the other hand, the 
reason for the difference in reactivity between 
native and denatured protein is not known. It may 
be that certain thiol groups in the native protein 
react whereas the others do not. Alternatively, 
there may be an equilibrium in which all the thiol 
groups react to some extent. Thus even if there is 
an integral number of total thiol groups in a single 
protein component there will not necessarily be an 
integral number of reactive thiol groups in the 
native protein. This subject is being investigated 
further. 

Ingram (1955) postulated that native human 
haemoglobin has four thiol groups/mol., arranged 
in two pairs. He also suggested that if one thiol 
group in either pair was combined with a mercurial 


major and two minor components. 


(p-carboxyphenylmercuric chloride) then the other 
thiol group of the pair was prevented from reacting 
with Ag* ion. It has been shown in this work that 
there are in fact only two reactive thiol groups/mol. 
of native haemoglobin, and there is no evidence to 
suggest that they are in close proximity. Neverthe- 
less the question of whether or not one mol. of 
mercurial can block two closely spaced thiol groups 
is an important one, and it was thought worth 
while trying an experiment with a simple model 
system. Although model systems do not neces- 
sarily reproduce the conditions found in a protein 
the information obtained is frequently of value in 
interpreting experiments with proteins. 

BAL was chosen as the model because its thiol 
groups are on adjacent carbon atoms. It reacts 
with heavy metals to give ring compounds of the 
type (Stocken & Thompson, 1946) 


H,C—S. 
| >AsCl 
HU—S 
| 
H,C—OH 
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although free rotation about the C—C bonds is 
possible in the free thiol. The experiment showed 
that combination of one thiol group with phenyl- 
mercuric hydroxide leaves the other group free to 
react with Ag” ion in the normal way. 

The reaction of the mercuric mercaptide of 
cysteine and other thiols with haemoglobin did not 
contribute to the analytical results but it is inter- 
esting as an example of an exchange reaction. 
A comparable reaction is the interchange that takes 
place between different disulphides (Sanger, 1953; 
Ryle & Sanger, 1954). The mercaptide reaction is 
rapid and gives the mixed mercaptide and free 
cysteine, or other thiol, in quantitative yield. 

No evidence could be found for the existence of 
disulphide bonds. This agrees with the findings of 
other workers (Benesch et al. 1955; Stein et al. 
1957). 


SUMMARY 


1. In view of discrepancies in earlier work the 
thiol content of normal adult human haemoglobin 
has been reinvestigated. Both the native and 
denatured protein have been titrated ampero- 
metrically with mercuric chloride and with phenyl- 
mercuric hydroxide. 

2. Native carboxyhaemoglobin binds 2-2 Hg?+ 
ions and 2-2 molecules of phenylmercuric hydr- 
oxide/molecule. Reasons are given for concluding 
that the two mercaptides formed are Prot:S:HgCl 
and Prot:S:HgPh. The figure of 2-2 therefore 
represents the reactive thiol groups/molecule of 
native protein, as compared with four given by 
previous workers. 

3. Denatured carboxyhaemoglobin binds three 
Hg?+ ions and six molecules of phenylmercuric 
hydroxide/molecule. In this case the two 
captides formed are assumed to be (Prot’S),Hg 
and Prot-S:HgPh. The total number of thiol 
groups/molecule of carboxyhaemoglobin is there- 
fore six, as compared with eight given by previous 
workers. 


mer- 


Our thanks are due to Dr A. G. Ogston, F.R.S., for 
helpful discussions and to Mrs W. ap Rees and Miss 8. Read 
for skilled technical assistance. 
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Comparative Properties of Microsomes from Cow’s Milk 
and from Mammary Gland 


1. ENZYMIC ACTIVITIES 


By MARGOT J. 


BAILIE* ann R. K. MORTONT 


Department of Biochemistry, University of Melbourne 


(Received 11 November 1957) 


It has been well established that the occurrence of 
cancer of the mammary gland of certain strains of 
mice is greatly influenced by a factor which is 
transmitted to the young via the mother’s milk 
(Bittner, 1936; see 1953; 
Greenstein, 1954). The nature of this ‘milk factor’ 
is still uncertain. Huseby, Barnum & Bittner 
(1950) found that a large proportion of the milk- 


also Dmochowski, 


factor activity of dispersions of mouse mammary 
gland was sedimented by centrifuging at 23 000g 
for l hr. Particles of the size-range of viruses and 
of microsomes were observed 
graphs of the precipitate from the mammary gland 
and also in a precipitate obtained under similar 


in electron micro- 


conditions from mouse milk containing the milk 
factor. Huseby et al. (1950) therefore suggested 
that the milk factor might be with 
microsomes. However, they did not report any 
examination of milk known to be free of the factor, 
and they were apparently unaware of the particu- 
late nature of casein in milk. 

Morton (1953, 1954a) showed that in addition to 
casein, which represents the major particulate 


associated 


component, normal cow’s milk also contains 


enzymically active lipoprotein particles which he 
called ‘milk Preliminary observa- 
tions of the chemical and enzymic properties of 


microsomes’. 


microsomes from cow’s milk and from mammary 
gland indicated that the milk particles probably 
originated directly from the secretory cells of the 
gland (Morton, 1954a). It was therefore suggested 
that the milk factor could be associated with 
microsomes and thus pass into mouse milk from 
the mammary gland (Morton, 1953). 

This and the following paper report investiga- 
tions related to this hypothesis. The cow was 
chosen as the experimental animal because material 
could be obtained in relatively large quantities. It 
has been found that, although microsomes from 
milk and mammary gland are not identical, milk 
probably derived from gland 


microsomes are 


microsomes. 


* Present address: Department of Pathology, University 
of Melbourne. 

+ Present address: Department of Agricultural Chem- 
istry, University of Adelaide. 


MATERIALS AND METHODS 


Enzyme substrates. Cytochrome ¢ was prepared from ox 
hearts according to Keilin & Hartree (1945). Reduced 
diphosphopyridine nucleotide (DPNH) was obtained from 
Boehringer und Soehne, Mannheim, Germany. All other 
substrates were commercial products. 

Inorganic phosphate. This was determined according to 
Weil-Malherbe & Green (1951). 

Phenol. This was estimated as previously described 
(Morton, 1955a). 

Nitrogen. This was determined by a micro-Kjeldahl 
method essentially as already described (Morton, 19555), 
except that optical densities were measured with a colori- 
meter (Evans Electroselenium Ltd., with filter no. 627). 

Dry weights. The particles in 0-25M-sucrose were sedi- 
mented by centrifuging at 60 000 g for 90 min., suspended 
in 0-15mM-NaCl (at pH 7-4), and resedimented at 60 000g 
for 60 min. The final pellet was dried to constant weight 
over conc. H,SO, in vacuo at room temperature. 


Determination of enzymic activities 


Alkaline phosphatase. Hydrolase activity was estimated 
as follows. The enzyme preparation was incubated for 
10 min. at 38° with 5 mm-disodium phenyl phosphate, 
mM-MgCl, and 40 mm-ethanolamine—HCl buffer, pH 10-1 
at 38°. The total volume was 2 ml., and the amount of 
enzyme was adjusted so that between 5 and 30 yg. of phenol 
was liberated in 10 min. Activities are expressed as pmoles 
of inorganic phosphate liberated/mg. dry wt./hr. at 38°. 

Phosphotransferase activity was estimated by measuring 
phosphorylation of glycerol and of glucose essentially as 
described by Morton (1955c, 1958). With glycerol as 
acceptor, the reaction mixture (final vol. 0-5 ml.) con- 
tained 4m-glycerol, 0-01M-phenyl phosphate, 0-02m-MgCl, 
and 0-05Mm-ethanolamine—HCl buffer, pH 10-1 at 38°. The 
reaction was stopped by addition of 0-1 ml. of 30% (v/v) 
HCIO,, then a predetermined amount of N-KOH was added 
to adjust the reaction to pH 7-4; the precipitate of 
potassium perchlorate was removed by centrifuging, the 
precipitate washed and the supernatant and washings 
were made up to 2 ml. The amount of glycerol esterified was 
calculated as the difference between phenol and inorganic 
phosphate liberated. With glucose as acceptor, 2M-glucose 
replaced glycerol but otherwise the reaction mixture was 
similar. Glucose 6-phosphate was estimated enzymically 
by Slater’s (1953) procedure. 

The percentage transfer was calculated according to 
Axelrod (1948) as 
100 x moles of ester synthesized/moles of phenol liberated. 


3-2 
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Dehydrogenases. These were estimated as described by 
Morton (1954a) by measuring the rate of reduction of 2:6- 
dichlorophenolindophenol (final concn. approx. 10 mm) at 
600 mp with a Beckman spectrophotometer, model DU. 
All measurements were made with a final volume of re- 
actants of 3 ml. in cuvettes of 1 cm. light path and at room 
temperature (approx. 19°). The reaction was started by the 
addition of substrate, which was omitted from the control 
cuvette. For anaerobic studies, the measurements were 
carried out with cuvettes sealed to a Thunberg tube (see 
Martin & Morton, 1956). The substrate was placed in the 
hollow stopper, and the assembly evacuated and filled with 
oxygen-free nitrogen three times and then sealed. The 
reaction was begun by tipping the substrate from the 
stopper. As particulate enzyme preparations were used, 
the contents of the cuvettes were mixed thoroughly 
between readings. With a volume of 3 ml., the amount of 
dye reduced (in zmoles) is given by Ego9 x 0-218, where Eggo 
is the change in optical density at 600 mp due specifically 
to the dehydrogenase activity. The enzyme was diluted to 
give a change in optical density/min. of about 0-10. 
Activities are expressed as moles of dye reduced/mg. dry 
wt./hr. at room temperature. 

For xanthine dehydrogenase, the reaction mixture con- 
tained 13-2 mm-xanthine, 0-03M-sodium pyrophosphate— 
HCl buffer, pH 8-1 at 20°, and dye. The stock xanthine was 
dissolved in 0-05n-NaOH and an appropriate amount of 
0-1nN-HCl was added to the cuvette to neutralize the 
alkali. 

For succinic dehydrogenase, the reaction mixture con- 
tained 0-066M-sodium succinate, 0-05m-sodium phosphate 
buffer, pH 7-5 at 20°, and dye. 

For DPNH-diaphorase, the reaction mixture contained 
30 mm-DPNH, approx. 0-1M-KCN, 0-05m-veronal (sodium 
diethylbarbiturate)—-sodium acetate—HCl buffer (Michaelis, 
1931), pH 7-5 at 20°, and dye. 

Reduced diphosphopyridine nucleotide—cytochrome c re- 
ductase. Activity was estimated similarly to dehydro- 
genase activity, except that cytochrome c replaced the dye 
and optical densities were measured at 550 mp. The con- 
centrations of reactants, in a final volume of 3 ml., were as 
follows: 30 mm-DPNH, 50ym-ferricytochrome c, approx. 
0-01 M-KCN and 0-05 M-veronal—sodium acetate—HCl buffer, 
pH 7-5 at 20°. With a volume of 3 ml., the amount of 
cytochrome c reduced (in ymoles) is given by E559 x 0-154 
(see Morton, 1955c). Activities are expressed as pmoles of 
cytochrome c reduced/mg. dry wt./hr. at room temper- 
ature. 

Xanthine oxidase. The activity was measured spectro- 
photometrically by the method of Kalckar (1947) as 
modified by Morell (1952). The reaction mixture was the 
same as used for measurement of xanthine dehydrogenase 
activity except that the dye was omitted and optical 
densities at 270 and 290 mp were measured. Under the 
experimental conditions, the oxidation of lyg./ml. of 
xanthine to uric acid gave an increase in optical density of 
0-048 at 290 mp. Results are expressed as pmoles of 
xanthine oxidized/mg. dry wt./hr. at room temperature. 

y-Glutamyl transferase. Measurement of activity was 
based on the observations of Hanes, Hird & Isherwood 
(1952). The appearance of new compounds on paper chro- 
matograms was taken as evidence of enzymic activity. The 
following reactions were studied. 

(a) Hydrolysis of y-glutamyltyrosine. The reaction 


1958 


mixture comprised 0-1 ml. of 0-1M-y-glutamyltyrosine, 
pH 7:8, 0-1 ml. of 0-2m-sodium phosphate buffer, pH 78, 
and 0-1 ml. of microsome preparation. 

(b) Transfer to glycine. The reaction mixture comprised 
0-1 ml. of 0-1m reduced glutathione, 0-1 ml. of 0-5m-glycine 
in 0-2m-sodium phosphate buffer, pH 7-8, and 0-1 ml, of 
microsome preparation. 

(c) Transfer to leucine. The reaction mixture was 
similar to that for (b) except that 0-1 ml. of 0-15M-t-leucine 
in 0-2m-sodium phosphate buffer, pH 7-8, replaced the 
glycine solution. 

In each case the reaction was carried out under nitrogen 
in small stoppered glass tubes at 38° for 1 hr. Samples of 
about 1-5 yl. were removed at the beginning and after 1 hr, 
and applied to Whatman no. 1 paper and immediately 
dried. Appropriate amino acids and peptides were also 
applied to the paper as markers. The papers, with pads of 
filter paper clipped to the bottom, were run in propan-1-ol- 
water (80:20, v/v) at 25° for 40-45 hr., after which they 
were removed, dried and sprayed with ninhydrin reagent 
(Hanes et al, 1952). 


Isolation of microsomes from 
lactating mammary gland 


Preliminary studies. As it was desired to compare the 
properties of cytoplasmic particles from secretory cells with 
those of particles from milk, glands from cows in lactation 
were used. This ensured that there was a high proportion of 
secretory tissue as compared with connective and muscle 
tissue. As a result, however, the ducts and collecting 
vessels of the gland contained a considerable amount of 
milk, which had to be removed to prevent contamination 
of the cytoplasmic particles with casein and other particles 
from the milk. ‘Milking-out’ the udder before the cow was 
killed, and perfusion of the excised udder with water or 
0-15m-NaCl soln. removed only part of the milk. It was 
necessary to wash the minced tissue several times in order 
to remove extracellular milk. 

Several preliminary experiments were carried out to 
determine a satisfactory means of disruption of the 
secretory cells with minimum disintegration of connective 
and muscular tissue, and without disruption of the mito- 
chondria. Disintegrated lipoprotein membranes from mito- 
chondria are in the size range of microsomes and may con- 
taminate this fraction (see Martin & Morton, 1956). Since 
succinic dehydrogenase activity is localized in the mito- 
chondria in liver (Hogeboom, Schneider & Palade, 1948), it 
was assumed that it was also localized in the mitochondria 
of mammary gland. Succinic dehydrogenase activity was 
therefore used as a guide to the localization of mito- 
chondria (or fragments therefrom) in the several fractions 
separated from dispersions of gland by differential centti- 
fuging. It was found that grinding of the tissue with sand 
in a pestle and mortar caused considerable disintegration 
of the mitochondria, since the specific activity of the 
‘large-particle’ fraction was low as compared with that 
of the ‘small-particle’ (microsome) fraction. Disintegra- 
tion in a Waring Blendor for a short period appeared to 
disrupt sufficient of the secretory cells withovt disintegrat- 
ing many mitochondria and this method was therefore used 
for preparation of the tissue dispersions. Preliminary 
observations with 0-88 and 0-25Mm-sucrose media for pre- 
paration of the tissue dispersion showed that enzymic 
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activities were generally similar in both media. However, 
the difficulty of sedimenting microsomes from the more 
dense 0-88 M-sucrose led to the adoption of 0-25M-sucrose. 

Preparative procedure. The method finally adopted is 
described below. It takes into consideration the necessity 
of removing milk (containing casein), and of obtaining the 
maximum disruption of secretory cells with minimum 
damage to the mitochondria. Times and speeds of centri- 
fuging were adjusted so that the microsome fraction had 
negligible succinic dehydrogenase activity. Some of the 
microsomes probably sedimented with the mitochondria. 
For the purposes of the present investigation this was con- 
sidered more desirable than having microsomes contami- 
nated with mitochondria. 

The cow was ‘milked-out’ just before slaughter. The 
udder was removed as soon as possible after death, packed 
in crushed ice and transported to the Laboratory. The skin 
was stripped from the udder, and secretory tissue from 
different quarters was cut into pieces (about 2cm. by 
2em. by 1 cm.). These were rinsed twice in 0-25M-sucrose 
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at 0° and all further operations were carried out in a cold 
room at 0-4°. 

The washed pieces were minced, and the mince suspended 
in about ten times its weight of 0-25Mm-sucrose and collected 
by filtration through coarse muslin. This was repeated. 
About 100g. of mince was then dispersed into about 
250 ml. of 0-25m-sucrose with a Waring Blendor at full 
speed for 30 sec. The dispersion was filtered through muslin, 
and the retained tissue was returned to the Blendor and 
retreated as before. The filtrates through muslin were 
combined and fractionated by differential centrifuging as 
shown in Fig. 1. The various fractions were washed by sus- 
pending them in about 30 ml. of 0-25m-sucrose and re- 
centrifuging. Owing to a mechanical breakdown in the 
high-speed centrifuge usually used, the differential centri- 
fuging for cow no. 1 differed somewhat from that for cows 
nos. 2 and 3, as indicated in Fig. 1. An International Model 
PR1 centrifuge was used for sedimenting at 1500g, a 
Sorvall Model SS2 centrifuge for 19000g and a Spinco 
Model L centrifuge for 50 000, 60 000 and 72 000 g. 


Dispersion in sucrose 
(about 600 ml.) 


Centrifuged 
at 1500 g for 20 min. 


Precipitate of unbroken 
cells, cell debris and 
nuclei. Discarded 


Supernatant 


suspending in sucrose 
and recentrifuging 
(cow no. 2) 





M itochond ria 
Washed by suspending in 
sucrose and recentrifuging 
(cows nos. 1 and 2) 


(Cow no. 1) 
Divided into 
two portions 
and centrifuged 


| 

(cow no. 1), or washed by | Centrifuged at 
| 
he 


19 000 g. for 5 min. 


: 
Supernatant 


| 
| 


— 
(Cows nos. 2 and 3). 
Centrifuged 
at 50 000 g, for 
90 min. (cow no. 2), 
or at 72 000 g, for 
30 min. (cow no. 3) 





r a, ia 1 
Approx. Approx. 
150 ml. 400 ml. 


centrifuged 
at 20 000g 
90 min. 


centrifuged 
at 60 000 g for 
30 min. 


r 
Supernatant Precipitate Precipitate Final 
(combined supernatant 
with that —- --—--—_, — 


from 400 ml. 
portion) 


—————$————_______1__, 
Combined and Precipitate. Final 
washed twice Washed twice supernatant 
by suspending as for cow no. 1. 
in sucrose and Microsomes 
recentrifuging. (cows nos. 2 and 3) 
Microsomes 
(cow no. 1) 
Fig. 1. Separation of fractions from dispersions of cow mammary gland in 0-25M-sucrose by differential centrifuging. 


Treatments of the tissue from the cows differed somewhat owing to a mechanical breakdown in a centrifuge. All 
operations were carried out at 0-4°. ‘Sucrose’ refers to 0-25M-sucrose at about 0°. The final pellets were suspended 
in sucrose for enzymic and chemical studies. 
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Cow 1 was a 6-year-old Friesian—Jersey crossbred which 
had calved a week before the experiments began. 
5-year-old crossbred which had suffered from 
bacterio- 


no. 2 was a 
mastitis during the previous lactation. However, 
examination that there 


mastitis at the time of these studies. 


logical showed was 


was not used. This cow 


no. 


condemned because of a positive tuberculin reaction. 


Isolation of milk microsomes 


On three different occasions microsomes were 
from the 
general procedure 
differed in the times and speeds of centrifuging. 


shows the procedures used. 


To enable a direct comparison with gland microsomes, 
particles were also isolated from the milk of cows nos, 1 


' eee z 
Separated milk 
(discarded) 


Precipitate of 
casein particles 
(discarded) 


an 
Precipitate 
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The affected quarter 
was also in early lactation. 
3 was a crossbred in advanced lactation which had been 


isolated 
mixed milk obtained from a Friesian herd. 
followed that of Morton (1954a), 
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and 2. Cow no. 1 was milked twice daily for 4 days before 
Cow slaughter. On each day the milk samples obtained on that 


morning and on the previous evening were combined, and 
microsomes were isolated as shown in Fig. 3. The prepara- 
tions obtained on each day were held at 0°. They were 
finally combined and the microsomes again sedimented 
before use. 

The milk obtained from three milkings from cow no, 2 
during 36 hr. before slaughter was mixed, and the particles 
were separated as shown in Fig. 3. 


active 


Cow 


RESULTS 
The u 


but Enzymic activities of microsomes from mixed milk 
Fig. 2 





Table 1 shows the activities of microsomes separ- | 
ated from mixed milk from a herd. Although there } 
is considerable variation in specific activities of the 


| 
. ; 
Mixed milk 
(about 10 1.) 


Centrifuged, 
1500 g for 30 min. 
at room temp. 
i 


Cream 


Removed and washed twice by 
dispersion in water and 
recentrifuging as before, 
then cooled to 4° for 2 hr. 
and shaken to form butter 
granules. Butter granules 
washed with water. Buttermilk 
and washings combined 


Buttermilk 
Centrifuged, 5000 g (or at 
10 000 g for preparation M,) 
for 15 min., at about 4 
aatastoamise 


‘ 
Supernatant 





| Centrifuged 50 000 g for 
| 2 hr. at 4 
seaseta 5 eae — 
Supernatant 
(buttermilk serum) 


Washed by suspending 
. in 0-15mM-NaCl and 


eee recentrifuging 
Particles 
suspended in 
0-15M-NaCl at 0°. 
Milk microsomes 
| 


(M, and M,) 


fc 
Precipitate 
(discarded) 


& . 
Precipitate. 
Milk microsomes (M3) 


Fig. 2. 


Procedure for isolation of 


Particles suspended 
in 0-15M-NaCl and 

incubated with 0-1 ml. of 

purified rennin for 30 min. 

at room temp., then centrifuged 

at Laue for 15 min. 


Supernatant 
| 


| Centrifuged | 
| 50 000g for 2 hr. at 4 


whe | 


l 
Supernatant 
(discarded) 


particles from mixed milk from a Friesian herd. 
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microsomes isolated on different occasions, the 
pattern of the enzymic activities is similar in the 


three preparations. 


Enzymic activities of microsomes from milk 

and mammary gland of the same cow 

Table 2 gives the activities of mitochondria and 
microsomes from mammary gland, together with 
the activities of microsomes from milk of the same 
cow. The results show that the pattern of enzymic 
activities of microsomes from mammary gland is 
quantitatively very different from that of micro- 
somes isolated from the milk. In particular, milk 
microsomes have very DPNH- 
cytochrome ¢ reductase and DPNH-—diaphorase 


much lower 
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activities, and higher xenthine dehydrogenase 
activity, as compared with microsomes from the 
gland. The results for the two cows differ in that 
the alkaline phosphatase activity of the milk 
microsomes was lower than that of the gland 
microsomes for cow no. 1, and higher for cow 
no. 2. 


Effect of incubation on enzymic activities 
of gland microsomes 


in the mammary 
gland in the lumina of the alveoli, in the small 
collecting ducts of the lobules and in the milk 
cistern. The extracellular milk may thus_ be 
held at body temperature for up to 12 hr. The 


The secreted milk is stored 


Milk (about 8 |.) 


Cooled to 10°, 
centrifuged, 


| 
| 
| 


r 
Separated milk 


About 400 ml. 
centrifuged, 
10 000 g for 
15 min. at 
| 2-4° 
ae 
Precipitate. 
Washed twice 
by suspending 
in sucrose and 
recentrifuging 
at 10 000 g for 
15 min. 


eee oe 
Supernatant 


Centrifuged, 
50 600 g for 
90 min. 


, =e 
Supernatant. 


(Milk serum) 


Precipitate. 
Washed twice 
by suspending 


rc 
Butter granules. 
Washed with sucrose, 
and washings 


2000 g for 15 min. 


Cream 


Dispersed in 
sucrose ; 
dispersion 
centrifuged, 

} 2000 g for 15 min. 
| at about 10 


Washed cream 


Stirred to a 
smooth consistency 
with sucrose; then 


| churned by stirring 





aeration 





- 
Buttermilk 
and butter 
washings 


in sucrose and 
recentrifuging 
at 50 000 g for 
90 min. 
(Casein) 


combined with 
buttermilk. Granules 
melted at 40°, butter 

oil separated by 
centrifuging, and . 
serum combined with 
buttermilk. Oil 
discarded 


— 
Precipitate. 
Washed by dispersing 
in sucrose and re- 
centrifuging at 

10 000 g for 15 min. 


Precipitate. 
Washed twice by 


| 

| Centrifuged, 
| 10000g¢ for 
| 15 min. at 
| 2-4 





Supernatant 


Centrifuged, 
50 000 g for 
90 min. 
at 2-4° 


Supernatant 
(discarded) 


suspending in sucrose 
and recentrifuging 

at 50 000 g for 15 min. 
Milk microsomes (C, 
and C,) 


Fig. 3. Procedure for isolation of particles from milk from cows nos. 1 and 2. ‘Sucrose’ refers to 0-25m-sucrose 


at about 0°. Final precipitates were suspended in 0-25m-sucrose and held at 0° for use. 
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effect of incubation for this period on the enzymic 
properties of gland microsomes was _ therefore 
investigated. 

Initially, 0-1 ml. of a suspension of gland micro- 
somes from cow no. 1 was mixed with 0-2 ml. of 
milk serum (see Fig. 3) and incubated at 38° for 
about 12 hr. The microsomes were then sedimented 
from the suspension by centrifuging at 30 000 g for 
1 hr. and suspended in a small volume of 0-25m- 
Activities determined before and after 
incubation are shown in Table 3. The incubation 
caused a marked decline in DPNH-cytochrome c 
reductase activity, and a considerable increase in 
xanthine dehydrogenase activity. 





sucrose. 


Table 1. 
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The microsomes and mitochondria from the 
gland of cow no. 2 were incubated for 12 hr. at 38 
with (a) veronal—sodium acetate—HCl buffer, pH 6-6, 
and (b) milk serum. The pH of the milk serum (6-7) 
did not change during incubation, indicating that 
bacterial growth was negligible. After incubation 
the particles were sedimented from the suspensions 
by centrifuging and resuspended in 0-25M-sucrose. 
Enzymic activities were determined before and 
after incubation and are shown in Table 3. It is 
seen that the results for particles from cow no. 2 
confirm those obtained with cow no. 1, although 
the activation of the xanthine dehydrogenase 
activity was less striking. 


Enzymic activities of microsomes isolated from mixed herd milk 


on three different occasions 


Microsomes were isolated as shown in Fig. 2 and enzymic activities were estimated as described in Methods. 


Enzymic activity 
Alkaline phosphatase 
(a) Hydrolysis of phenyl phosphate* 
(6) Transfer to glucoset 
(c) Transfer to glycerol 
Xanthine dehydrogenaset 
(a) Determined aerobically 
(b) Determined anaerobically 


Xanthine oxidase§ 
DPNH-diaphoraset 
DPNH-cytochreme c¢ reductase} 


Succinie dehydrogenaset 


=U & 


Table 2. 


Results for milk-microsome preparations 


~ ¢ 


dre 6-8 1-20 


1-60 

0-43 

0-074 

0-004 
~ 0 


Inorganic phosphate liberated (umoles)/mg. dry wt./hr. (at 38°). 

100 x pmoles of ester P synthesized/umoles of phenol liberated. 
2:6-Dichlorophenolindophenol reduced (umoles)/mg. dry wt./hr. (at about 19°). 

Oxygen reduced (umoles)/mg. dry wt./hr. (estimated spectrophotometrically at about 18°). 
Cytochrome c reduced (umoles)/mg. dry wt./hr. (at about 19°). 


Comparative enzymic activities of particles isolated from mammary gland 


and from milk from the same cow 


Cytoplasmic particles were isolated from a dispersion of cow mammary gland as shown in Fig. 1 and from cow’s milk as 


in Fig. 3. 


Enzymic activities were estimated as described in Methods and are expressed as in Table 1. 


Enzymic activities 


DPNH 
Cow Alkaline Xanthine DPNH- cytochrome c Succinic 
no. Particles phosphatase* dehydrogenaset diaphoracet reductaset dehydrogenaset 
I Milk microsomes 1-14 1-15 0-13 0 0 
Gland microsomes 3°42 0-040 0-58 3°28 0 
2 Milk microsomes 9-35 0-670 0-110 0-088 0 
Gland microsomes 2-82 v-046 ‘58 7-20 0 
Gland mitochondria 1-8] 0-026 1-40 10-10 0-180 
3 Gland microsomes 2-05 0-034 — — 0 
Gland mitochondria 1-72 0-042 = 0-086 


* Inorganic phosphate liberated (u~moles)/mg. dry wt./hr. (at 38°). 
+ 2:6-Dichlorophenolindophenol reduced (ymoles)/mg. dry wt./hr. (at about 19°). 


+ 


{ Cytochrome c reduced (umoles)/mg. dry wt./hr. (at about 19°). 
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Effect of incubation on the enzymic activities of cytoplasmic particles from mammary gland 


Microsomes from the gland of cow no. 1 were incubated for 12 hr. at 38° in serum from the milk of the same cow, pre- 
pared as shown in Fig. 3. They were then sedimented by centrifuging and suspended in 0-25M-sucrose before testing. 
Microsomes and mitochondria from cow no. 2 were incubated for 12 hr. at 38° in either veronal-sodium acetate—HCl 
buffer, pH 6-6, or in milk serum, pH 6-7. In each case the stoppered tube contained chloroform vapour to retard bacterial 
growth. After incubation the particles were sedimented by centrifuging and suspended in 0-25M-sucrose. 


Enzymic activities were determined before and after incubation. 


Enzymic activities 








Cc - entiin a A. - ae — 
Xanthine DPNH- Succinic 
Cow Incubation Alkaline dehydro- DPNH- cytochrome c  dehydro- 
no. Particles treatment phosphatasef genaset diaphoraset reductase§ genase 
1 Microsomes * —_ 0-4 — 32:8 — 
In milk serum ~~ 5-0 — 0-9 — 
2 Microsomes * 18-4 0-3 11-0 ) _ 
In milk serum 29-9 0-9 0-18 0-04 — 
In buffer 29-4 0-6 — 0-04 - 
Mitochondria ° — ~ — 85-2 1-5 
In milk serum —- _ —_ 0-6 0 
In buffer -—- — = -- 0 


* Jnitial activities before incubation. 


+ Inorganic phosphate (ymoles)/mg. of N/hr. (at 38°). 


{ 2:6-Dichlorophenolindophenol reduced (ymoles)/mg. of N/hr. (at about 18°). 
§ Cytochrome c reduced (umoles)/mg. of N/hr. (at about 18°). 


Table 4. 


Comparative dehydrogenase activities of microsomes from milk and mammary gland 


Estimations were carried out with microsomes from the milk and mammary gland of cow no. 2 as described in Methods. 
Conditions for each determination were varied as indicated. The results are expressed as pmoles of dye [2:6-dichlorophenol- 
indophenol (DCIP) or of potassium ferricyanide] reduced/mg. of N/hr. at room temp. 


Test conditions 


Activities 2 
A Quotient 


- Milk Gland Milk activity 
Substrate Dye Other additions microsomes microsomes Gland activity 
Xanthine DCIP 5-3 0-6 9 
Xanthine K,Fe(CN), - 10-9 0-9 12 
Hypoxanthine DCIP -- 9-1 0-4 23 
Hypoxanthine DCIP Pteridine* 0 0 _- 
DPNH DCIP -— 0-9 11-0 0-1 
DPNH DCTP Pteridine* 0-9 11-0 0-1 


* 2-Amino-4-hydroxy-6-formylpteridine (approx. 7-5 uM). 


Comparison of the xanthine dehydrogenase activities 
of microsomes of milk and mammary gland 

Table 4 comparative 

activities of microsomes from milk and mammary 


shows dehydrogenase 
gland as determined with a number of different 
substrates and acceptors. Owing to the low activity 
of the gland particles, the activities for these are 
less reliable than for milk microsomes and this may 
contribute to the variation in the quotients express- 
ing the relationship between the activities of the 
that the 
xanthine dehydrogenases of the particles from the 


two preparations. The results suggest 
two sources are identical. 


Glutamyl transferase activities of milk 
and gland microsomes 


Activities were estimated as described under 


Methods. The suspensions of microsomes contained 


about the same amount of protein. Inspection of 


the chromatograms showed that (a) hydrolysis of 
y-glutamyltyrosine, (b) synthesis of y-glutamyl- 
glycine, and (c) synthesis of y-glutamyl-leucine 
were each catalysed by microsomes from both milk 
and mammary gland. The amount of product 
formed in both cases appeared to be about the 
same, suggesting that the specific activities of the 
two preparations were similar. 


Cytochrome components of milk 
and gland microsomes 
The properties of cytochrome b,, a haemprotein 
observed in milk microsomes and subsequently in 
microsomes from mammary gland and calf in- 


testine, have already been described (Bailie & 
Morton, 1955). The microsomes from the two 
sources have very different appearances. When 


packed as a precipitate, those from milk have a 
distinct red colour whereas those from mammary 


gland are buff-coloured. When observed with a 
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low-dispersion microspectroscope, microsomes from 
milk show only a weak and diffuse band at about 
552-555 mp, and a very weak x-band of reduced 
cytochrome 6, at 557 mp. The. ntensities of these 
bands are unchanged addition of 
dithionite (Na,S,0,). In contrast, gland micro- 
somes show no absorption band when freshly 
However, addition of Na,S,O, reveals a 


on sodium 


isolated. 
strong «-band of reduced cytochrome b, at 557 mu. 
The broad band of the reduced pyridine haemo- 


555 


chromogen at 558 mp formed by addition of 


alkaline 


pyridine and Na.S,O, is much more 
intense in gland than in milk microsomes. No 


other cytochrome components could be detected in 
milk or gland microsomes. However, when reduced 
with Na,S,O,, mitochondria from cow mammary 
gland show typical absorption bands of cyto- 
chromes of the a, b and ¢ types. 


DISCUSSION 


Although it would have been desirable to use milk 
and mammary glands from mice for this investiga- 
tion, with the facilities available it was not possible 
to obtain sufficient mouse milk for the isolation of 
milk microsomes. Undoubtedly milk microsomes 
occur in mouse milk as in cow’s milk, but as yet 
they have been isolated only from the latter source 
(Morton, 1953, 1954a; Bailie & Morton, 1955 and 
this paper; Zittle, Della Monica, Custer & Rudd, 
1956). 

The close similarity of sedimentation character- 
istics of the smaller casein particles to those of 
microsomes makes it difficult to isolate microsomes 
free of casein. No simple means for assessment of 
the amount of contamination of the microsome 
fraction by casein has yet been found. Attempts 
were made to separate casein particles in milk from 
microsomes by adjusting milk to pH 9-6 with 
N-NaOH, by chelation of Ca?+ ions with sodium 
ethylenediaminetetra-acetate at pH7, and by 
coagulation with rennin. These methods were only 
partly successful. Hence the milk microsomes were 
isolated from the cream fraction essentially as 
previously described (Morton, 1954a). However, 
dispersion of casein particles by removal of Ca?+ 
ions with sodium citrate or with sodium ethylene- 
diaminetetra-acetate may be useful for isolation of 
the microsome fraction from mouse milk. The con- 
siderable variation in the specific enzymic activi- 
ties of microsomes isolated from different milks (cf. 
Tables 1 and 2) may partly be due to varying con- 
tamination with casein. As far as possible, extra- 
cellular milk was washed from the pieces of secre- 
tory tissue but undoubtedly milk remained in the 
cells of the alveoli. Thus it is probable that the 
gland microsomes were also somewhat contami- 
nated with casein particles. 
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In general, the enzymic activities of the micro. 
somes isolated from mixed milk (Table 1) conform 
with the pattern of activities described by Morton 
(1954a). The alkaline phosphatase activity is 
rather higher, and the xanthine dehydrogenase 
activity lower, than that found in microsomes iso. 
lated from Cambridge milk. The much lower alkaline 
phosphatase activity of the microsomes isolated 
from the milks from cows nos. 1 and 2 (Table 2) 
may be due to the fact that both these cows were 
in early lactation. Folley & Greenbaum (1947) and 
Moore & Nelson (1952) have shown that activities 
of a number of cytoplasmic enzymes of guinea-pig 
change considerably 
pregnancy, lactation and involution of the gland. 
In the present investigation it was observed that 


mammary glands during 


microsomes obtained from the gland of a cow not 
in lactation had very low alkaline phosphatase 
activity (about 0-4 mole of inorganic phosphate 
liberated/mg. dry wt./hr. at 38°) and negligible 
xanthine dehydrogenase activity. 


Relationship between xanthine dehydrogenase and 
reduced diphosphopyridine nucleotide—diaphorast 
activities of milk 
It is considered by Corran, Dewan, Gordon & 

Green (1939) and by Mackler, Mahler & Green 

(1954) that milk xanthine dehydrogenase catalyses 

oxidation of both xanthine and DPNH. 

the results in Table 4 confirm earlier findings of 

Lowry, Bessey & Crawford (1949) that 2-amino-4- 

hydroxy-6-formylpteridine very strongly inhibits 

activity with hypoxanthine but does not affect 
activity with DPNH. 
fore that either the one protein has two different 
substrate-activating centres (Mackler et al. 1954) or 


However, 


It must be concluded there- 


that two different enzymes are involved in the 
activation of hypoxanthine and of DPNH (Morell, 
1952). This latter view is very strongly supported 
by the finding that the xanthine dehydrogenase 
activity of gland increases during 
incubation, whereas the diaphorase activity falls 
very considerably (Table 3). 


microsomes 


Relationship between microsomes from 
mammary gland and from milk 


The pattern of the enzymic activities of the 
microsomes from mammary gland is so different 
from that of the microsomes from milk (Table 2) 
that it might be supposed that there is little 
relationship between the two. In particular, milk 
microsomes have very low DPNH-cytochrome ¢ 
reductase DPNH-diaphorase activities as 
compared with gland microsomes. However, as 
shown by Table 3, these enzymic activities could 
be almost completely lost during incubation of 
extracellular milk within the gland (or after 


and 


ejection of the milk). 


| 


} 
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Of greater interest is the very high xanthine 
dehydrogenase activity of the microsomes from 
milk, as compared with those from mammary gland 
(Table 2). There is little doubt that the enzyme of 
milk is identical with that of mammary gland (see 
Table 4). Surprisingly, the xanthine dehydro- 
genase activity of mammary gland is fairly low, the 
specific activity of the whole dispersion of the 
gland of cow no. 2 being only about 0-07 pmole of 
2:6-dichlorophenolindophenol reduced/mg. dry wt./ 
hr. Preliminary studies of the distribution of 
activity indicated that about 50% of the activity 
was localized in the ‘final supernatant’ fraction 
(ef. Fig. 1), and the remainder was distributed 
among each of the other particulate fractions. 
However, in view of an unavoidable time delay 
during fractionation of the gland dispersion, these 
results require confirmation. 

The high activity of the microsomes of milk 
could arise from adsorption of ‘soluble’ xanthine 
dehydrogenase. However, such adsorption seems 
unlikely since the casein particles of milk, which 
would present a much greater surface for adsorp- 
tion, have very low activity (Morton, 1954a). An 
increase in xanthine dehydrogenase activity during 
incubation of gland microsomes was obtained with 
particles from both cows (Table 2). This activation 
could be due to (a) removal of a natural inhibitor 
associated with the enzyme in the gland or (b) to 
non-specific effects of incubation on the enzyme 
protein. There is no evidence that the gland enzyme 
is associated with a natural inhibitor, although this 
cannot be excluded, particularly in view of the 
finding of Swartz, Kaplan & French (1956) that 
many bacterial enzymes are associated with in- 
hibitors which are dissociated by heat. However, 
it is well established that the activity of xanthine 
oxidase in milk is markedly influenced by physical 
factors. Dixon & Kodama (1926) first reported 
that the activity of freshly drawn milk increases on 
storage. Investigations by French workers (see 
Robert & Polonovski, 1955) have shown that this 
and similar activations induced by cooling of milk, 
addition of detergents, use of ultrasonic vibrations 
and other factors are due to a change in the physico- 
chemical state of the enzyme protein. The associa- 
tion of the milk microsomes with milk-fat globules 
(Morton, 1954a; Zittle et al. 1956) greatly in- 
fluences the behaviour of the xanthine dehydro- 
genase (Robert & Polonovski, 1955). In view of 
the increased xanthine dehydrogenase activity 
obtained on incubation of gland microsomes (in 
contrast with the decline of activity of the other 
dehydrogenases studied), and the findings of 
Robert & Polonovski (1955), it may be concluded 
that the amount of xanthine dehydrogenase protein 
in gland microsomes is not necessarily different 
from that in milk microsomes. Adsorption of 
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gland microsomes to the fat globules, and other 
changes occurring after secretion and _ before 
removal of the milk from the udder, could lead to 
the high xanthine dehydrogenase activity charac- 
teristic of milk microsomes. 

Table 2 shows that the alkaline phosphatase 
activity of milk microsomes is not very different 
from that of gland microsomes, being somewhat 
less (cow no. 1) or more (cow no. 2) active. In one 
other case there was little difference in the activities 
of the particles from the two sources. Although a 
slight increase of phosphatase activity of gland 
microsomes was caused by incubation (Table 3), 
this effect is very much smaller than occurs with 
xanthine dehydrogenase. The alkaline phosphatase 
activity of cow mammary gland is mostly associated 
with the cytoplasmic particles (Morton, 19545). 

The above considerations show that the differ- 
ences in enzymic activities of the microsomes from 
milk and mammary gland could arise after release 
of gland microsomes into the secreted fluid, milk. 

The absence of succinic dehydrogenase activity 
in the particles isolated from milk was formerly 
considered as evidence that mitochondrial frag- 
ments do not contribute to the microsome fraction 
of milk (Morton, 1953, 1954a). However, Table 3 
shows that the succinic dehydrogenase activity of 
gland mitochondria is destroyed during incubation. 
Hence this negative finding does not exclude that 
mitochondria (or fragments of mitochondria) could 
contribute to the fraction of milk. 
However, the occurrence of cytochrome 6; and the 


microsome 


absence of other cytochromes in milk microsomes 
clearly establishes that these are largely, if not 
entirely, derived from gland microsomes, since 
cytochrome 6, is localized in this fraction of the 
gland, and does not occur in mitochondria (Bailie & 
Morton, 1955; see also Martin & Morton, 1957). 
Much of the cytochrome b, of gland microsomes is 
denatured by incubation, forming a denatured 
protein haemochromogen with diffuse absorption 
bands similar to those seen in the milk microsomes. 
The red—brown colour of isolated milk microsomes 
may partly be due to this denatured cytochrome 6,. 
However, since xanthine dehydrogenase forms 
3-5% of the protein of milk microsomes (see 
Morton, 1954a; Morell, 1955) it seems more likely 
that the colour arises from the very high concentra- 
tion of this red flavoprotein and the particular 
physical state of the milk microsomes. 


SUMMARY 


1. Microsomes were isolated from mixed milk 
from a commercial herd and from milkings from 
individual cows before slaughter. Microsomes and 
mitochondria were also isolated from the mammary 


glands of the same cows. 
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2. Enzymic activities of the particles were com- 
pared. Whereas milk microsomes have high alkaline 
phosphatase and xanthine dehydrogenase, to- 
gether with low reduced diphosphopyridine nucleo- 
tide—diaphorase and reduced diphosphopyridine 
nucleotide—cytochrome c reductase activities, gland 
microsomes have about the same alkaline phos- 
phatase, much less xanthine dehydrogenase, and 
much more diaphorase and reduced diphospho- 
pyridine nucleotide—cytochrome c reductase activi- 
ties. 

3. It was found that incubation of gland micro- 
somes in milk serum or in buffer at pH 6-7 caused 
changes in enzymic activities to a pattern similar to 
that of milk microsomes. The considerable increase 
in xanthine dehydrogenase activity is probably due 
to changes in the physical state of the enzyme. 

4. Cytochrome 6; occurs in milk microsomes, 
although most of the haemprotein is denatured. 
Since this cytochrome is restricted to the micro- 
some fraction of mammary gland, milk 
somes must arise mainly from this source. Changes 
occurring during storage of the extracellular milk 
in the gland could account for the different pattern 
of enzymes in milk and gland microsomes. 


micro- 
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Comparative Properties of Microsomes from Cow’s Milk 
and from Mammary Gland 


2. CHEMICAL COMPOSITION* 


By MARGOT J. 


BAILIE+ 


AND R. K. MORTON? 


Department of Biochemistry, University of Melbourne 


ad (Received 11 November 1957) 


In the preceding paper (Bailie & Morton, 1958) it 
was shown that the differences in the enzymic 
activities of microsomes isolated from milk and 
from mammary gland are probably caused by 
changes which occur after secretion of the 


* Part 1: Bailie & Morton (1958). 

+ Present address: Department of Pathology, University 
of Melbourne. 

t Present address: 
istry, 


milk. 


Department of Agricuitural Chem- 
University of Adelaide. 


Adsorption of the microsomes by the fat globules, 
and the action of enzymes of the milk microsomes 
themselves as well milk 
probably 

enzymic activities. 


as of enzymes of the 
for the 


serum, account changes in 

The chemical compositions of the particles from 
the two sources were compared at the same time. 
The milk and mammary-gland microsomes differed 
considerably in their content of nucleic acid. How- 


ever, it was found that this difference could be due 
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to loss of nucleic acid from the gland microsomes 
after secretion into the milk. This paper gives the 
chemical compositions of microsomes from milk 
and from mammary gland of the cow, and from rat 
liver, as well as of a preparation of disrupted sarco- 
somes of pig heart, made by the method of Keilin & 
Hartree (1947). 


MATERIALS AND METHODS 


Chemicals. The nucleic acids, lipid solvents and per- 
chloric acid used were the same as those described by 
Martin & Morton (1956a). 


Tissue preparations 


Milk and mammary-gland microsomes. The procedures for 
isolation of these have already been described (Bailie & 
Morton, 1958). 

For chemical analyses, the final preparations were 
washed twice by dispersion in 0-15mM-NaCl soln. and centri- 
fuging at 50 000g for 20 min. The washed material was 
dispersed in water and frozen and dried over conc. H,SO, 
in vacuo at room temperature (about 18°). 

Heart-muscle preparation. This was the same as that used 
by Martin & Morton (1956a). 

Rat-liver microsomes. The livers from eight rats were 
removed, chilled in cold 0-15M-KCl soln. and dispersed in 
about 9 vol. of 0-25m-sucrose with a Potter-Elvehjem 
glass homogenizer. The dispersion was centrifuged at 
600 g for 10 min. at 0-4° and the precipitate was washed 
twice by dispersing it in 0-25M-sucrose and centrifuging at 
600g for 10min. The supernatant and washings were 
combined and centrifuged at 8500 g for 10 min. at 0-4°. 
The precipitate was washed twice by dispersion in 0-25m- 
sucrose and centrifuging at 8500g for 10 min., and the 
combined supernatant and washings were centrifuged at 
50000 g for 30 min. at about 5°. The precipitate was 
washed twice by dispersing it in 0-15mM-NaCl soln. and 
centrifuging at 50 000 g for 30 min.; it was then dispersed 
in water, frozen and dried to constant weight over conc. 
H,SO, in vacuo at room temperature (about 18°). 


Analytical procedures 


Dry weight. The material was dried to constant weight 
over conc. H,SO, in vacuo at room temperature. 

Deoxyribose. The method of Ceriotti (1952) was used. 
Commercial chloroform, or, in later studies, chloroform 
purified as described by Martin & Morton (1956a@), was used 
in the reaction. 

Phosphorus. The methods of Allen (1940) and of Weil- 
Malherbe & Green (1951) were used. 

Nitrogen. A micro-Kjeldahl procedure (Morton, 1955a) 
was used. 


Extraction of lipids, acid-soluble phosphates, 
nucleic acids and proteins 


The general procedures were similar to those already 
described by Martin & Morton (1956a). The dried material 
was weighed into centrifuge tubes (ground internally), and 
dispersed by homogenization in the solvent as described by 
Martin & Morton (1956a). 
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Lipids. Successive extraction with methanol, chloro- 
form—methanol, butan-l-ol and diethyl ether was carried 
out as described by Martin & Morton (1956a), except that 
each extraction was for 15 min. instead of 30 min. at room 
temperature. 

Acid-soluble phosphates. Except with the Schneider 
(1945) method these were extracted by suspending the 
lipid-free material in 0-2N-HCI1O, at 0° and centrifuging. 
The supernatant was removed and the residue extracted 
rapidly as before. The combined supernatants were used. 

Nucleic acids and proteins. The methods described by 
Schneider (1945) and Ogur & Rosen (1950), and a number of 
modifications of the latter method, were investigated with 
different preparations. Analyses were mostly carried out 
with the procedure of Martin & Morton (1956a), modified 
by using unbuffered NaCl (10%, w/v) instead of buffered 
NaCl soln. Evidence for the suitability of this procedure 
for extraction of nucleic acids from cytoplasmic particles 
from animal tissues is considered in the Experimental 
section. 


EXPERIMENTAL AND RESULTS 
Extraction of nucleic acids 


Martin & Morton (1956a,b) compared several 
published methods for extraction of nucleic acids 
from plant materials, and developed a procedure 
which was reasonably satisfactory for analysis of 
microsomes and mitochondria of plant tissues. 
Comparable studies of different procedures for 
estimation of nucleic acids of animal materials 
were carried out at the same time by the present 
authors. 

Studies with pig-heart sarcosomes. A Keilin & 
Hartree (1947) preparation from pig hearts was 
used for initial studies. Analyses were carried out 
with the Ogur & Rosen (1950) procedure (Fig. 1). 
The residue remaining after extraction of lipids and 
acid-soluble phosphates was treated for two suc- 
cessive 18 hr. periods with N-HCIO, at 0-4°, since 
Martin & Morton (1956a) had found that a single 
extraction for 18 hr. (Ogur & Rosen, 1950) was 
insufficient for extraction of ribonucleic acids 
(RNA) from beet petioles. 

A modification (Fig. 1, Procedure A) was also 
investigated. Ogur & Rosen (1950) used treatment 
with 0-5N-HCIO, at 70° to extract deoxyribonucleic 
acid (DNA). However, it was considered that treat- 
ment with 0-3N-KOH soln. (cf. Davidson & Smellie, 
1952) at 38° for 16 hr. would extract DNA and that 
this would be precipitated on acidification, 
according to the procedure of Schmidt & Thann- 
hauser (1945). The acidified supernatant would 
contain protein phosphorus and any RNA phos- 
phorus not extracted by n-HCIO,. The RNA phos- 
phorus adequately determined by 
measurements at 260 mp. 


could be 


The results are shown in Table 1. It is seen that 
Procedure A gave little improvement on the 
results obtained with the Ogur & Rosen (1950) 
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procedure. With both methods, there was reason- 
able agreement between the values of RNA phos- 
phorus as determined directly and as estimated 
from absorption measurements. However, clearly 
the treatment with n-HCIO, at 0° failed to extract 
all the RNA in the preparation. With Procedure A, 
the fraction containing protein phosphorus ex- 
tracted with 0:-3N-KOH soln. also contained some 
acid 
absorption curve of this fraction showed a maxi- 
However, the characteristics of 


nucleic phosphorus, since the ultraviolet- 
mum at 260 mu. 
the absorption spectrum indicated that the extract 
contained other compounds in addition to nucleic 
acid. Neither procedure gave adequate differentia- 
tion of RNA and DNA, since in both the estimate 
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metric method for deoxyribose was very much less 
than were the estimates based on organic phos. 
phorus or on absorption. 

In earlier studies with the same preparation, 
Martin & Morton (1956a) had shown that the 
method of Schmidt & Thannhauser (1945) was 
unsuitable for determination of the nucleic acids in 
that organic phosphorus compounds other than 
RNA occurred in the RNA fraction. The results in 
Table 1 may be directly compared with those of 
Martin & Morton (1956a, Table 1). The latter 
workers, however, extracted the lipids with butan- 
l-olonly. This solvent extracts almost all of the phos. 
pholipids but little of the neutral fats, so that the 
lipid figures of Martin & Morton (1956a) for the 

















of DNA by the specific Ceriotti (1952) colori- pig-heart preparation are lower than the true values. 
Ogur & Rosen (1950) method and Procedure A 
Dried material 
| Lipids and acid-soluble 
| phosphates extracted as 
a | described in Methods 
é Residue 
| Extracted twice with 
| n-HCIO, at 0-4 
| for 18 hr. 
conicninnale a 
Combined extracts Residue 
RNA | 
a i oe 
Ogur & Rosen method Procedure A 
Extracted with | 
0-5N-HCIO, at Extracted with 
| 70° for 20 min. 0-3n-KOH at 
Residue washed 37° for 16 hr. 
| with 0-5n-HCIO, 
at room temp. | 
Combined Residue Residue Extract 
extracts | (discarded) 
DNA Extracted Adjusted to 
with n-NaOH pH 1 with 
| at 100° for n-HCIO, 
| 20 min. 
Extract Residue Supernatant Residue 
Protein (discarded) 
Extracted with 
f 0-5n-HCIO, at 
Protein P and 80° for 30 min. 
additional Residue washed 
RNA with 0-5x-HCI0, 
at room temp. 
Combined Residue 
extracts 
DNA Extracted with 
n-NaOH at 100 
for 20 min. 
ne 
Extract Residue 
Additional (discarded) 
protein P 
Fig. 1. Methods used for extraction of nucleic acids and proteins from pig-heart sarcosomes (Table 1). 
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Studies with milk microsomes. Preliminary in- 
vestigations indicated that the nucleic acid content 
of the milk microsomes was very low. Several 
different methods for extraction of the nucleic 
acids were therefore compared to ensure that all 
the nucleic acid was estimated. The extraction of 
RNA and DNA with trichloroacetic acid, as used 
by Schneider (1945), was compared with the 
method of Ogur & Rosen (1950). In addition, the 
extraction of the total nucleic acid with hot 10% 
NaCl soln. (see Ada & Perry, 1954; Martin & 
Morton, 1956a) was investigated (Fig. 2, Pro- 
cedure B). The method described by Martin & 
Morton (1956a) in which DNA (and some RNA) is 
extracted with hot 10 % NaCl soln. after extraction 
of most of the RNA with n-HCIO, at 0-4° (see 
Fig. 2, Procedure C) was also used. Fig. 2 shows 
the modifications of the Ogur & Rosen (1950) 
procedure used in these analyses. 

Table 2 shows the distribution of the organic 


Table 1. Chemical composition of disrupted 


sarcosomes from pig heart 


Results are the means of duplicate (Ogur & Rosen 
method) or quadruplicate (Procedure A) determinations on 
a preparation of disrupted sarcosomes from pig heart 
[Keilin & Hartree (1947) preparation]. All results are 


given as percentages of dry wt. 
I - . Results 

Ogur & Rosen Procedure 
(1950) method A 


Determination (see Fig. 1) (see Fig. 1) 


Total lipid 35:1 36-7 
Lipid P 1-04 1-08 
Lipid N 0-54 0-56 
Phospholipid (P x 25) 26-0 27-0 
Acid-soluble P 0-30 0-28 
RNA phosphorus 

Direct 0-055 0-042 

From absorption 0-049 0-035 
‘DNA’ phosphorus 

Direct 0-046 

From absorption 0-093 0-047 

From deoxyribose 0-032 0-018 
Total nucleic acid P* 

Direct — 0-088 
From absorption 0-142 0-082 
Protein P 0-110 0-150,7 

0-083t 
Total P (by determination) 1-78 1-78 
Total P (by addition) 1-60§ 1-68 


* By addition of RNA phosphorus and DNA phos- 
phorus. 

+ Supernatant after acidification of 0-3N-KOH extract. 

t In n-NaOH extract. 

§ ‘DNA’ phosphorus from absorption measurement was 
used in calculating this figure. 
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phosphorus of the microsomes. It is seen that most 
of the phosphorus occurs in the lipid and acid- 
soluble fractions. The total nucleic acid phos- 
phorus, by all four methods, is very low. The 
results show that 0-5n-HCIO, at 80° [Ogur & Rosen 
(1950) method] and 10% NaCl soln. at 100° (as 
used in Procedure B) extract phosphorus com- 
pounds which are not DNA, since the absorption 
measurements give values which are very much 
less than the direct determinations of phosphorus. 
The method of Schneider (1945) gave better 
results. However, the good agreement between the 
estimates obtained by absorption and by direct 
determination suggests that Procedure C is the 
most satisfactory analytical procedure. Although 
differential extraction of RNA and DNA 
attempted, the material shown as ‘DNA phos- 
phorus’ in Table 2 is almost certainly RNA phos- 
phorus, since, as shown by Table 4, milk microsomes 
have no deoxyribose as estimated by the Ceriotti 
(1952) method. 

Studies with liver microsomes. Since the milk 
found to very little 
nucleic acid, before proceeding to a comparison of 
milk and gland microsomes it seemed desirable to 


was 


microsomes were contain 


investigate the suitability of the procedures for 
extraction of nucleic acid from microsomes rich in 
RNA. Liver microsomes were therefore used. In 
this study, Procedure C, which had been found to 
be most satisfactory with the milk microsomes 
(Table 2) and with plant microsomes (Martin & 
Morton, 1956a), was compared with the Schneider 
(1945) method. The results are shown in Table 3. 
It is seen that Procedure C gave very good agree- 
ment between the values for nucleic acid phos- 
phorus as obtained from direct determination and 
from absorption measurements. 

The Schneider (1945) method of analysis was 
less satisfactory than Procedure C. The material 
extracted by 5 % trichloroacetic acid at 90° clearly 
contained phosphoprotein phosphorus in addition 
to nucleic acid phosphorus. The results indicated 
that Procedure C was satisfactory for a comparison 
of milk and mammary-gland microsomes. It 
appeared that the measurement of the deoxyribose 
content of the extracts by the Ceriotti (1952) 
method would give the best estimate of the DNA 
content of the microsomes. 


Comparative chemical composition of milk 
and mammary-gland microsomes 


Microsomes from the milk and mammary gland 
of the same cow were isolated from two different 
animals (cows nos. 1 and 2) as already described 
(Bailie & Morton, 1958), and the analyses were 
carried out by Procedure C (see Fig. 2). The results 
given in Table 4 show that the microsomes from 
the two sources differ considerably in that the 
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Procedures B and C 


Dried material 


1958 


| 
| Lipids and acid-soluble phosphates 
extracted as described in 


Methods 


Residue 
! 
rc 

Procedure B 
| Extracted with 10% NaCl soln. 
at 100° for 20 min. and 
residue washed twice with 
10% NaCl soln. at 100° for 


5 min. 
Combined Residue Combined 
extracts ; extracts 
Total Extracted with RNA 
nucleic 0-5n-HCIO, at 80 
acids for 30 min. 


| Residue washed 
with 0-5n-HCI1O, 
| at room temp. 


(or RNA) 


—— a 


Combined Residue 
extracts . : 
Extracted with 





Any additional ‘ ‘DNA’ 
nucleic acids | N-NaOH at 100 
(or DNA) for 15 min. 

Extract Residue Extract 
Protein (discarded) Protein 


Fig. 2. 


Combined 
extracts 


ail 1 
Procedure C 


Extracted twice 
with n-HCIO, at 
04° for 18 hr. 


ae 
Residue 


Extracted with 10% 
NaCl soln. at 100° for 
20 min. Residue 
washed twice with 
10% NaCl soln. at 100° 
for 5 min. 


Residue 


| Extracted with 
n-NaOH at 100° 
for 20 min. 

1 


: 
Residue 
(discarded) 


Methods used for extraction of nucleic acids and proteins from milk microsomes (Table 2). 


Table 2. Analyses of milk microsomes by several methods 


Microsomes were isolated from mixed herd milk (see Bailie & Morton, 1958, Fig. 2, preparation M,). 


Suitable portions 


(about 100 mg.) of the dried material of preparation M; were used. All results are the means of duplicate determinations 


and are expressed as percentage of dry wt. 


Results with various procedures 


Ogur & Rosen 


Schneider (1950) method Procedure B Procedure C 
Determination (1945) method (see Fig. 1) (see Fig. 2) (see Fig. 2) 
Lipid P 0-33 0-29 0-33 0-34 
Acid-soluble P 0-22 0-18 0-20 0-22 
RNA phosphorus 
Direct _ 0-010 0-030* 0-008 
From absorption _ 0-009 0-012* 0-012 
‘DNA phosphorus’ 
Direct 0-049 0-050+ 0-011 
From absorption = 0-013 0-007 0-010 
Total nucleic acid Pt 
Direct 0-023 0-059 0-080 0-019 
From absorption 0-015 0-022 0-019 0-022 
Protein P 0-22 0-33 0-28 0-26 
Total P (by direct determination) 0-87 0-90 0-90 0-87 
Total P (by addition) 0-79 0-86 0-89 0-84 


* 10% NaCl soln. extract. 


+ 0-5N-HCIO, extract. 
3y addition of RNA phosphorus and DNA phosphorus. 
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Table 3. Analyses of microsomes from rat liver 


Microsomes were isolated as described in Methods. 
Suitable portions (about 100 mg.) of dried material were 
used for each analysis. All results are the means of dupli- 


cate determinations and are expressed as percentages of 


dry wt. 
Results with 
various procedures 
—_o —_~—_—___—,, 
Schneider Procedure 
(1945) C (see 
Determination method Fig. 2) 
Lipid P 0-81 0-77 
Phospholipid (P x 25) 20-6 19-3 
Acid-soluble P 0-027 0-053 
RNA phosphorus 
Direct 7 0-31 
From absorption 0-32 
‘DNA’ phosphorus 
Direct 
From absorption 0-12 
Total nucleic acid P* 
Direct 0-528 0-44 
From absorption 0-447 0-44 
Protein P 0-087 0-24 
Total P (by direct determination) 1-52 1-52 
Total P (by addition) 1-45 1-50 


* By addition of RNA phosphorus and DNA phos- 
phorus. 


gland microsomes contain considerably more 
lipid and nucleic acid phosphorus than do the milk 
microsomes from the same cow. The microsomes 
from mammary gland resemble those from liver 
(Table 3) more than those from milk (Tables 2 
and 4), 

It seemed possible that such a difference might 
arise by loss of components during the normal 
period of incubation of the milk in the lumina and 
ducts of the mammary gland after secretion from 
the cells. Therefore a portion of the microsomes 
from the gland of cow no. 2 was suspended in milk 
serum from the same cow (see Bailie & Morton, 
1958, Fig. 3), and incubated at 38° in stoppered 
tubes containing chloroform vapour to restrict 
bacterial growth. After incubation for 12 hr., the 
particles were sedimented from the serum by 
centrifuging, washed with 0-:15mM-NaCl soln., and 
dried. The chemical composition of the particles 
was again determined as before. The results in 
Table 4 show that this treatment caused some loss 
of lipid and a considerable loss of nucleic acid. The 
gland microsomes, after incubation, very closely 


resemble the milk microsomes in chemical: com- 
position. 
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DISCUSSION 
Extraction of nucleic acids from cytoplasmic particles 


Although a large number of different methods have 
been used for estimation of nucleic acids of animal 
tissues, in few cases is there good evidence that the 
procedures give accurate values. Especially when 
the nucleic acid content of the material is low, as in 
some plant materials (Martin & Morton, 1956a) 
and in milk microsomes (Tables 2 and 4), it is 
necessary to avoid extraction of non-nucleic acid 
material if the nucleic acid is to be estimated 
accurately, either by determination of phosphorus 
or from absorption measurements. 

Agreement between estimates of nucleic acids 
based on absorption at or near 260 my (due to 
purines and pyrimidines), nucleic acid sugar, and 
organic phosphorus was sought, and this criterion 
was used to assess the suitability of the various 
procedures for estimation of RNA and DNA. 
Estimation of RNA by measurement of ribose by 
the orcinol reaction (Schneider, 1945) was not used 
since Martin & Morton (1956a) and Ada & Perry 
(1954) had found this unsatisfactory with plant and 
virus materials respectively. Preliminary observa- 
tions confirmed this finding with animal materials. 
However, the Ceriotti (1952) reaction for deoxy- 
ribose was found to be suitable for estimation of 
DNA. 

As found by Martin & Morton (1956a, b) with 
plant materials, extraction of a portion of the 
nucleic acid with N-HCIO, at 0-4°, and of the 
remainder with 10% NaCl soln. is generally more 
satisfactory than extraction by the Ogur & Rosen 
(1950) method (Tables 1 and 2), or extraction with 
trichloroacetic acid (Tables 2 and 3) as introduced 
by Schneider (1945). Martin & Morton (1956a) had 
earlier confirmed that the Schmidt & Thannhauser 
(1945) method is unreliable for estimation of RNA 
(see also Davidson, Frazer & Hutchison, 1951; 
Mitchell & Moyle, 1951; Davidson & Smellie, 1952; 
Drasher, 1953). Both the extracts obtained with 
N-HCI1O, and with 10% NaCl soln. (Fig. 2, Pro- 
cedure C) had absorption spectra characteristic of 
nucleic acids, with well-defined maxima at about 
259 mu. Table 5 compares the characteristics of the 
absorption spectra of the extracts from mammary- 
gland microsomes (Table 4, cow no. 2) with those of 
nucleic acid from yeast. It is seen that the agree- 
ment is as good as could be expected for nucleic 
acids from different sources. Although the exami- 
nation of the methods was not extended to estima- 
tion of the purine and pyrimidine bases (ef. Martin 
& Morton, 1956a), it is considered that Procedure C 
gives a reliable estimation of the distribution of 
organic phosphorus among the lipid, nucleic acid 
and protein components of microsomes from animal 
tissues. 
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Table 4. Comparative chemical composition of microsomes from cow’s milk and mammary gland 


Microsomes were isolated from the milk and the mammary gland of the same cow (see Bailie & Morton, 1958, Figs. 1 and3) 
About 100 mg. portions of the dried material were used for each analysis. The results for the gland microsomes from cow 


> 


no. 1 are the means of quadruplicate determinations. Results are also given for microsomes of cow no. 2 after incubation 


in milk serum for 12 hr. at 38° as described in the text. All results are expressed as percentages of dry wt., determined by 





Procedure C (Fig. 2). 
Results 


Cow no. 1 Cow no, 2 
Gland 
microsomes 
Gland Milk Gland Milk after 
Determination microsomes microsomes microsomes microsomes incubation 
Total lipid 40-4 24-6 36-5 29-7 32-9 
Lipid P 0-67: 0-520 0-690 0-619 0-672 
Phospholipid (P x 25) 16-9 13-0 17:3 15-5 16-8 
Acid-soluble P 
Total P 0-48 0-12 0-107 0-157 0-284 
Inorganic P 0-34 0-09 - — eons 
Organic P 0-14 0-03 inne as ae 
Nucleic acid P 
(a) In N-HCIO, extract (RNA) 
Direct 0-627 0-017 0-533 0-17] 0-102 
From absorption 0-570 0-013 0-520 0-154 0-087 
From deoxyribose 0-001 0 
(b) In 10% NaCl extract (RNA and DNA) 
Direct 0-103 0-015 0-111 0-054 0-053 
From absorption 0-059 0-017 0-102 0-050 0-045 
From deoxyribose 0-014 0 
RNA phosphorus* 0-045 0-017 - 
Total RNA phosphorus} 0-615 0-030 - 
Total nucleic acid Pt 0-629 0-030 0-622 0-204 0-132 
Protein 
Nitrogen 4:8 7-4 
Total P 0-058 0-110 0-153 0-073 0-154 
Protein (N x 6-25) 30-0 46-5 
Total P (by determination) 2-02 0-80 1-68 1-17 1-34 
Total P (by addition) 1-94 0-78 1-59 1-07 1-27 


* Difference between nucleic acid phosphorus (from absorption) and DNA phosphorus (from deoxyribose). 
+ Sum of RNA phosphorus in n-HCIO, and 10% NaCl soln. extracts (from absorption measurements). 

From absorption. 
n-HCIO, at 0—4° but which is extracted with 10% 
NaCl soln. at 100°. This is probably true of liver 
microsomes also, but the deoxyribose contents of 


Table 5. Optical properties of nucleic acid extracted 
from mammary-gland microsomes with N-HC1O, 


Che extract was obtained by Procedure C (Fig. 2) from 


) 


; a the extracts from these were not estimated. Thus 
microsomes from cow no. 2 (see Table 4). 


animal tissues appear to contain two types of RNA, 
Ratio of extinction values as already found for plant tissues (Stafford, 1951; 
Martin & Morton, 1956a). The proportion of RNAex- 


Ratio of 


wavelengths Mammary-gland Yeast laa des f 

(mp) extract nucleic acid tracted by n-HCIO, varies in different microsomes, 
260/290 2.30 2-68 being about 90 % for gland (Table 4), about 60 % for 
260/280 1-40 1-59 milk (Table 4) and wheat root (Martin & Morton, 
260/270 1-10 1-15 19566, Table 3), and about 50% for beet-petiole 

ri Se ave microsomes (Martin & Morton, 1956a, Table 4). 

Chemical composition of microsomes 
As found by Martin & Morton (1956a) with from animal .tissues 

microsomes from plant tissues, microsomes from The results in Tables 3 and 4 show that micro- 


milk and mammary gland contain RNA ‘which somes from liver and from mammary gland are 


is not extracted by prolonged treatment with rather similar in chemical composition. Both have 
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a high proportion of phospholipid and of nucleic 
acid. Assuming that the phospholipids contain 4% 


of phosphorus, and the nucleic acids 98% of 


phosphorus, liver microsomes contain about 19% 
of phospholipids and about 4°3% of nucleic acid, 


% of phospholipids 


and gland microsomes about 17 
and about 6:1% of nucleic acids (all figures as 
percentage dry wt.; see Tables 3 and 4). The protein 
phosphorus of liver microsomes is rather higher 
(0:24%, Table 3) than that of the gland micro- 
somes (0-058 and 0:153% for cows nos. 1 and 2 
respectively ; Table 4). Table 9 of Martin & Morton 
(1956a) shows that microsomes from lactating 
mammary gland have a higher nucleic acid content 
than microsomes from most other tissues so far 
examined. 

Much of the rather high content of ‘acid-soluble 
phosphates’ in mammary-gland microsomes (0-48 
and 0-107 % for cows nos. 1 and 2 respectively, as 
compared with 0-053% in liver microsomes; see 
Tables 3 and 4) appears as ‘inorganic phosphorus’ 
as estimated by the Weil-Malherbe & Green (1951) 
procedure. Since the particles were washed well 
before drying, this ‘inorganic phosphorus’ must be 
firmly bound by the lipoprotein particles. The acid- 
soluble phosphates of washed beet-petiole micro- 
somes also contain a large amount of inorganic 
phosphorus (Martin & Morton, 1956a, Table 4). It 
is possible that the inorganic phosphorus is derived 
from very acid-labile phosphorylated compounds. 
Since the 0-2N-HCIO, extracts of the gland micro- 
somes had very little absorption at or near 260 mp, 
nucleotides represent cnly a small proportion of the 
acid-soluble phosphates. The nature of the organic 
compounds in this fraction from microsomes is not 
yet known, and these may be worthy of further 
study particularly in relation to the incorporation of 
amino acids by microsomes (see, for example, 
Littlefield, Keller, Gross & Zamecnik, 1955). 

As shown by the results in Table 1, disrupted 
mitochondria (sarcosomes) may resemble micro- 
somes in chemical composition, although containing 
much less nucleic acid. 


Relationship between microsomes of 
milk and mammary gland 


Tables 2 and 4 show that the chemical composi- 
tion of microsomes from milk differs considerably 
from the microsomes 
Compared with the microsomes from the glands, as 
shown in Table 4, those from the milk of the same 
cow have much less lipid [40-4 and 24:6% (cow 
no. 1); 36-5 and 29-7% 
lipid phosphorus [0-673 and 0-520% (cow no. 1); 
0690 and 0-619 % (cow no. 2)], and considerably 
less nucleic acid phosphorus [0-629 and 0-030% 
(cow no. 1); 0-622 and 0-204% (cow no. 2)]. The 
microsomes isolated from mixed herd milk (‘Table 2) 


from mammary gland. 


(cow no. 2)], rather less 
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less lipid phosphorus (0:34%) and 
nucleic acid phosphorus (0-022 %). 


have even 

This marked difference in chemical composition 
may suggest that milk microsomes are unrelated to 
gland microsomes. However, Table 4 shows that 
incubation of gland microsomes in milk serum 
xauses some loss of lipid and phospholipid and con- 
siderable loss of nucleic acid, so that the product 


has a composition very similar to that of the 


microsomes from the milk of the same cow. In the 
preceding paper (Bailie & Morton, 1958) it was 
shown that the same incubation in milk serum 


caused a change in enzymic activities to a pattern 
characteristic of milk microsomes. The retention of 
alkaline phosphatase, increase of xanthine dehydro- 
genase, decrease of DPNH-diaphorase and of 
DPNH-cytochrome c substantial 
naturation of cytochrome b,, decrease of phospho- 


reductase, de- 
lipid and substantial loss of nucleic acid which 
occur on incubation of microsomes from mammary 
gland give a product which closely resembles milk 
microsomes. Although, under the experimental 
conditions used, the gland microsomes were not 
converted into a product identical with the milk 
microsomes, nevertheless the trend of the change 
was so pronounced that it is concluded that the 
milk microsomes are formed from gland micro- 
somes after secretion of the milk. 

It is probable that the changes produced in the 
chemical composition of gland microsomes on 
incubation are due to the activities of enzymes of 
the microsomes themselves, possibly acting to- 
gether with enzymes of the milk serum. Milk 
phosphodiesterase (Zittle & Della Monica, 1952), 
together with the phosphomonoesterase (Morton, 
1953a, 19556), could cause depolymerization and 
dephosphorylation of The 
enzymes could also cause dephosphorylation of 


nucleic acids. same 
phospholipids. It would not be surprising if gland 
microsomes also contained, in addition to xanthine 
with 
bases derived 


dehydrogenase, other enzymes concerned 


metabolism of nucleosides or free 
from nucleic acids. 

Milk microsomes appear to vary considerably, 
both in enzymic and chemical properties. The milk 
microsomes isolated from cow no. 2 had greater 
alkaline phosphatase activity (see Bailie & Morton, 
1958, Table 2) and higher nucleic acid content (this 
paper, Table 4) than those from cow no. 1, and 
about ten times the nucleic acid content of micro- 
somes from mixed herd milk (see Tables 2 and 4). 
Zittle, Della Monica, Custer & Rudd (1956) also 
found that the nucleic acid of microsomes from 
commercial mixed milk was very low. In earlier 
studies, Morton (1954) had found that microsomes 
from Jersey milk had quite a high nucleic acid 
content. However, the analytical methods used by 
Morton (1954) were much less reliable than those 
4- 


9 
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used in the present study. The lipids were extracted 
with butan-l-ol only, and since this solvent ex- 
tracts mainly the phospholipids, but not neutral 
fats, this could account for the low total lipid 
content found by Morton (1954). The nucleic acids 
were extracted with N-HCIO, at 80° for 15 min., 
a procedure now known to extract organic com- 
pounds (other than nucleic acids) which makes the 
value for nucleic acid phosphorus, as calculated 
from the absorption at 262 mp, higher than the 
true value. Nevertheless, the milk microsomes first 
isolated by Morton (19536, 1954) probably con- 
tained more phospholipid and nucleic acid than 
those examined in the present investigation. 

The 
enzymic activities of milk microsomes probably 
reflect the 
chemical composition of the gland microsomes. 


variation in chemical composition and 


changes in enzymic activities and 
These might be expected to alter with the stage of 
lactation. The variability of milk microsomes is 


consistent with their origin from gland microsomes. 


Origin of microsomes from mammary 
gland and from milk 


It is now established that microsomes are very 


largely derived from the endoplasmic reticulum of 


animal cells (Palade & Siekevitz, 1956; Hodge et al. 
1956; Hodge & Morton, 1956) and of plant cells 
(Hodge & Morton, 1956; Hodge, Martin & Morton, 
1957). 
mouse mammary gland (Hodge & Morton, 1956; 
M. J. Bailie, A. J. Hodge & R. K. Morton, un- 
published work) have shown that the endoplasmic 
reticulum of the secretory cells is rather similar to 
that of the secretory cells of the pancreas, as studied 
by Palade (1956). The ‘rough membranes’, con- 


sisting of lipoprotein with associated electron- 


dense nucleoprotein particles, are particularly 


prominent. However, areas of ‘smooth mem- 


branes’, ‘Golgi zones’ and secretory granules are 
Hodge & R. K. Morton, un- 
It is probable that all of these 


portions of the cytoplasm contribute to the micro- 


also present (A. J. 
published work). 


soine fraction as studied here, which therefore cannot 
be homogeneous. It is very probable that the milk 
microsome fraction is also non-homogeneous. 

The evidence already presented strongly sug- 
gests that the milk microsomes are derived from 
the secretory cells of the gland. There are at least 
two possible ways in which the microsomes may be 
into the 
secretory cells would be accompanied by disorgani- 


released milk. Degeneration of certain 
zation so that the cytoplasmic contents would pass 
through into the collecting ducts of the gland. In 
this case, the microsomes derived at any one time 
would arise from a comparatively small proportion 
of the total number of secretory cells. It would be 
expected that the number of secretory cells which 
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Electron micrographs of thin sections of 


1958 
are degenerating would increase towards the end of 
lactation, so that the amount of microsomes jn 
milk would be expected to be greater during late 
lactation, and less during early lactation. A limited 
number of observations suggest that this occurs, 
Alkaline phosphatase activity of milk (which jis 
correlated with the number of microsomes in milk) 
increases markedly towards the end of lactation. 
If the 


hormonal factors also influence the relative pro. 


It is also relatively high in colostrum. 


portion of secretory cells undergoing degeneration, 
this could account for the finding of Chanda & 
Owen (1952) that thyroxine treatment decreases, 
and thiouracil treatment the alkaline 
phosphatase activity of milk. 


increases, 


However, the microsomes may arise from all 
secretory cells, rather than from a small proportion. 
Evidence on this point is lacking. It is possible, 
however, that the so-called ‘secretory granules’ 
normally pass through the basement membrane of 
the cell together with particulate protein such as 
Schneider & Hogeboom (1956) have 
already suggested this as the origin of the milk 
microsomes described by Morton (19536, 1954). 

Palade (1956) has recently described electron- 
dense particles which occur in the sacs of the endo- 
plasmic reticulum of the exocrine cells of the 
pancreas. appear disappear with 
different stages of secretion. It is possible that 
milk microsomes are derived from such granules, 


casein. 


These and 


since the fine structure of the secreting mammary 
gland is rather similar to that of the exocrine cells 
of the pancreas. 

If the suggestions as set out above are correct, it 
would be expected then that microsomes isolated 
from the milk of animals other than the cow would 
differ little from the microsomes from the mam- 
mary gland of the same animal. Particularly when 
young are suckling, the milk will be withdrawn 
from the gland very soon after secretion. There will 
therefore be much less time for enzymic and other 
changes and the material in the milk should there- 
fore closely resemble the mammary-gland micro- 
somes. Since the present work was initiated in 
relation to the problem of the ‘milk factor’, which 
accelerates tumour development in mice (see 
Morton, 19536; Bailie & Morton, 1958), this implies 
that the milk factor may be carried into the young 
almost unaltered from its state in the mammary 
gland. There is every possibility that the milk 
factor is a constituent normally associated with the 
endoplasmic reticulum of the gland cells. 


SUMMARY 


1. Several methods for estimation of the nucleic 
acid content of cytoplasmic particles from animal 
tissues were investigated. A procedure is described 
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which gave satisfactory results on the basis of 
agreement between estimates based on absorption 
at 260 mp and organic phosphorus content. 

2. The chemical composition of a preparation of 
disrupted sarcosomes from pig heart was deter- 
mined. 

3. Microsomes from rat liver and from mammary 
gland of the lactating cow were found to contain 
relatively high proportions of phospholipid and of 
nucleic acids, whereas microsomes from cow’s milk 
contained much less lipid and considerably less 
nucleic acid. 

4. Incubation of mammary-gland microsomes in 
milk serum caused some loss of lipid and consider- 
able loss of nucleic acid, so that the product had a 
composition closely resembling that of microsomes 
from milk. 

5. The significance of these results in relation to 
the origin of milk microsomes is discussed. 


The work described in this and the preceding paper was 
carried out during 1953 and 1954 when one of us (M.J.B.) 
held a Research Scholarship of the University of Melbourne. 
We wish to thank Dr D. Murnane and his colleagues of the 
Division of Anima] Health and Production. C.S.I.R.O., 
Melbourne, and the Stock Inspectors of the Victorian 
Department of Agriculture for assistance in obtaining 
udders from lactating cows. We also wish to thank the 
Anti-Cancer Council of Victoria for a grant towards the 
expenses of this investigation. 
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Effect of Sulphanilamide on Formation of Sterols in 
Saccharomyces cerevisiae and Neurospora crassa 
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Dietary administration of sulphonamides has been 
shown to produce deficiencies of various vitamins 
in experimental animals. In particular, sulpha- 
guanidine and succinylsulphathiazole have been 
widely used for inducing a deficiency of folic acid in 
rats. In the course of an investigation on the 
relationship between folic acid and coenzyme A, 


Popp & Totter (1952) observed that the addition of 


succinylsulphathiazole to an otherwise normal diet 
resulted in a significant increase in the liver content 


of coenzyme A in rats. The increase was taken to 
represent the response of the animal to an en- 
hanced demand for coenzyme A required for the 
acetylation of the free sulphonamide released by 
the breakdown of absorbed succinylsulphathiazole. 

Klein & Lipmann (1953a, b) have demonstrated 
the dependence on coenzyme A of sterol synthesis 
in both yeasts and rats and its sensitivity to changes 
in the tissue levels of the coenzyme. In the present 
studies it has been found that there is a significant 
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elevation in the coenzyme A content of yeast cells 
grown in a synthetic medium supplemented with 
sulphanilamide. The ergosterol content of the cells 
also goes up steeply in the presence of the drug. 
The enhanced formation of sterol has also been 
observed in the mould Neurospora crassa under 
similar conditions. These results clearly point to 
the production of adaptive responses in these 
micro-organisms when subjected to sulphanilamide 
toxicity. 


EXPERIMENTAL 
Organisms 


The strain of Saccharomyces cerevisiae used in these in- 
vestigations was maintained on malt—agar medium by 
fortnightly subculture and preserved in the ice-chest 
between transfers. The wild strain of Neurospora crassa, 
variant 8a, was maintained by fortnightly subculture on 
agar slants prepared from the basal medium of Horowitz & 
Beadle (1943), supplemented with 0-2% of yeast extract 
and 0-2° 


© of malt extract. 


Methods 


Experiments with Saccharomyces cerevisiae. The syn- 
thetic medium of Atkin, Williams, Schultz & Frey (1950) 
was employed and portions (100 ml.) of the medium, pre- 
pared in single concentration and adjusted to pH 5-2, were 
distributed into 11. conical flasks. Sulphanilamide was 
added to the appropriate flasks in specified amounts. 
After sterilization, the flasks were inoculated with a sus- 
pension of S. cerevisiae cells from a 24 hr. growth. After 
incubation for 18-20 hr. at 30°, the cells from each flask 
were collected by centrifuging and washed repeatedly with 
water. The cells were dried by spreading as a thin layer in 
an evacuated desiccator, for coenzyme A determinations, or 
by placing in an oven at 100° for 90 min., for ergosterol 
determinations. 

The coenzyme A content of the yeast cells was deter- 
mined by the method of Kaplan & Lipmann (1948). For 
determination of ergosterol, the dried cells were repeatedly 
ground up with separate portions of ethanol—acetone (1:1) 
mixture, and the extracts pooled in each case and made up 
Portions of these extracts were used for deter- 
mination of free and total ergosterol by the digitonide- 
precipitation method (Sperry & Webb, 1950); the colour 
developed with the Liebermann—Burchard reagent was 
read on the Klett-Summerson photoelectric colorimeter, 
with filter 64, between 60 and 90 sec. after addition of the 
reagent. 


to volume. 


Table 1. 


195d 


Experiments with Neurospora crassa. Stone, Hechter, 
Bonner & Yanofsky (1955) have recently reported that th 
capacity of mycelia of N. crassa to synthesize ergosterol 
increases with the age of the growing culture. It was 
therefore considered essential that, in studies on th 
relative abilities of mycelia of the mould grown under 
different conditions to synthesize ergosterol, cultures of the 
same age should be taken for comparison. Sulphanilamid 
added to the culture medium before inoculation has been 
shown to suppress the germination of spores of Neurospora 


1942), 


during an initial period. 


(Tatum & Beadle, resulting in failure of growth 
In order to obtain mycelial 
growth of the same age with and without sulphanilamide in 
the medium, the technique employed by Tatum & Gies 
(1946) in their studies on the effect of sulphanilamide on 
respiration in N. crassa was adopted. This consisted in 
growing the organism in the basal medium for different 
periods before addition of sulphanilamide. 

N. crassa 8a was first grown at 30° in 250 ml. conical 
flasks containing 30 ml. of the basal medium (Horowitz & 
Beadle, 1943) at a concentration corresponding to 40 ml. of 
the single-strength medium. After a specified period of 
growth, either 24 hr. or 48 hr., the medium in one group of 
flasks was supplemented with 10 ml. lots of sterile water, 
and that in the remaining flasks with 10 ml. lots of a 
solution of (15 mg./ml.). The 
contents of each flask were gently mixed and the incubation 


sterile sulphanilamide 


was continued. 
and the sulphanilamide-treated cultures were removed 


Duplicate sets of flasks from the control 


periodically, the mycelia washed with water and dried at 
100° for 90 min. The total ergosterol content of the dried 
material was then determined. 


RESULTS AND DISCUSSION 

The results of the experiment on the effect of sulph- 
anilamide on the coenzyme A content of yeast 
cells are presented in Table 1. The inclusion of 
sulphanilamide in the growth medium produced a 
significant effect on the coenzyme A levels, which 
showed a progressive rise with increased ievels of 
the drug. The enhancement of the coenzyme A 
content of the yeast cells obviously represented a 
metabolic response by the organism to the admin- 
istration of the drug. These results, in conjunction 
with the observation by Popp & Totter (1952) of 
a similar increase in levels of liver coenzyme A in 
rats fed with succinylsulphathiazole, point to a 
general adaptive response in living organisms to a 
stress on the acetylating system. 


Effect of sulphanilamide on coenzyme A and ergosterol contents of Saccharomyces cerevisiae cells 


Figures for coenzyme A content are the averages of two values each and those for the ergosterol content are averages of 


four values each. 
Sulphanilamide 
added 


(mg./100 ml. Growth 


Coenzyme A 
content 


Ergosterol content 
(ug./100 mg. dry wt.) 


— A 
of medium) (mg. dry cells) (units/g. dry wt.) Free Total 
0 412 127 110 245 
5 322 154 120 306 
10 206 249 138 384 
20 108 } 159 786 
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The effect of sulphanilamide on the ergosterol 


content of cells was also marked 


(Table 1), increased levels of the drug producing 
a steep rise in the capacity of the organism to 


yeast very 


major portion of the 
the 
sulphanilamide was accounted for by the esterified 
form of sterol. In view of the intimate relationship 
between sterol synthesis and coenzyme A, it is 


synthesize ergosterol. A 
enhanced ergosterol content in 


reasonable to conclude that the increase in the 
ergosterol content of S. cells in the 
presence of sulphanilamide is a consequence of the 
effects of the drug on formation of coenzyme A by 


cerevisiae 


the organism. 

The addition of sulphanilamide to the medium of 
growing cultures of N. crassa resulted in a signifi- 
cant increase in the capacity of the mycelia to 
synthesize ergosterol (Tables 2 and 3), indicating 
the similarity of the action of the drug on S. 
As with yeast, the in- 
in the 


cerevisiae and N. crassa. 
creased ergosterol content of N. crassa 
presence of sulphanilamide was probably the result 
of an identical adaptive response to the toxicity of 
the drug. 

The capacity of the mould to synthesize ergo- 
sterol increased with the period of growth (‘Tables 2 
and 3), as was observed by Stone et al. (1955). 
Ottke (1949), who identified ergosterol as the main 
sterol of Neurospora, found that the sterol repre- 
sented 0-13 % of the dry weight of the mould grown 
for 5 days under vigorous aeration. In the present 


Table 2. 


presence of 
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experiments it was found that the ergosterol 
content of N. crassa in stationary surface growth 
was nearly 1 % after 5 days of growth. 

In experiments with the larvae of the rice moth, 
Corcyra cephalonica St., the inclusion of sulphanil- 
amide at a level of 0-25% in a whole-wheat-flour 
diet resulted in an increase of 22 % in the cholesterol 
content of the larval tissue after a growth period of 
3 weeks. If the effect of the drug on the sterol 
content represented an alteration in the capacity of 
the tissue to synthesize sterol, these results would 
again seem to indicate that the production of 
adaptive responses to the administration of the 
drug is a phenomenon of wide occurrence. 

Reid, Pritchett & Cushing (1952) showed that 
when N. crassa was grown in presence of toxic con- 
centrations of p-aminobenzoic acid, the culture 
medium contained some compounds associated 
with abnormal metabolism induced by excess of 
the amine. One of the compounds isolated from 
the medium was N-acetyl-p-aminobenzoic acid. 
In view of this evidence for the presence of an 
amine-acetylating system in N. crassa, it is con- 
ceivable that if a stress is imposed on the system, 
as in the presence of large amounts of sulphanil- 
amide, there will be changes in the factors associ- 
ated with acetylation, especially in the levels of 
coenzyme A. Under these circumstances, when 
there is an increased formation of coenzyme A, 
there may be a resultant alteration in the systems 
involve the The changes in 


which coenzyme. 


Effect of sulphanilamide on synthesis of ergosterol by growing cultures of Neurospora crassa 


The organism was grown initially for 24 hr. before addition of sulphanilamide (150 mg./40 ml. of final medium). Incu- 
bation was then continued and the total ergosterol content of normal and sulphanilamide-treated mycelia determined 
periodically. Growth at the time of additions was less than 3 mg. dry wt./flask. Figures for ergosterol content are the 


averages of two values each. 


Growth in flasks 
(mg. dry wt. of growth) 


Period of 


Ergosterol content of mycelia 
(ug-/100 mg. dry wt.) 


incubation — —— — —_—___A——___ * 
after addition Sulphanilamide- Sulphanilamide- 
(hr.) Control treated Control treated 
24 78-2 17-4 612 822 
48 112-3 23-2 762 994 
96 137-2 37-4 974 1240 

































Table 3. Effect of sulphanilamide on synthesis of ergosterol by growing cultures of Neurospora crassé 


Experimental conditions were as described in Table 2 except that addition of sulphanilamide was made after an initial 
growth period of 48 hr. Growth at the time of addition: 81-8 mg. dry wt./flask. Ergosterol content of mycelia at the time 
of addition: 513 ug./100 mg. dry wt. Figures for ergosterol content are the averages of two values each. 


Increase in ergosterol content 
over initial level 


Ergosterol content of mycelia 
(ug./100 mg. dry wt.) 


(ug-/100 mg. dry wt.) 


Growth in flasks 


Period of (mg. dry wt. of growth) 


growth after —— - a 
addition Sulphanilamide- Sulphanilamide- Sulphanilamide- 
(hr.) Control treated Control treated Control treated 
48 103 90-6 681 773 168 260 
96 121 101-0 787 945 274 431 
120 124 102-0 935 1010 422 498 














56 K. V. RAJAGOPALAN AND P. 8S. SARMA 1958 


ergosterol content of N. crassa, as also of S. 
cerevisiae, in the presence of sulphanilamide may be 
taken to represent secondary effects of the drug 
caused by changes in the levels of coenzyme A. It 
is possible that the various other biochemical 
systems involving the function of coenzyme A will 
also be affected under similar The 
results of the present studies seem to indicate that 
an investigation on these lines is warranted. 


conditions. 


SUMMARY 


1. The coenzyme A content of Saccharomyces 
cerevisiae cells grown in the presence of sulphanil- 
amide was significantly greater than that of normal 
cells. 

2. The total ergosterol content of the yeast 
cells showed a progressive rise with increasing 
degree of sulphanilamide toxicity. 

3. A similar enhanced capacity for 
formation in the presence of sulphanilamide was 


sterol 


observed in growing cultures of Neurospora crassa. 
4. It is suggested that these changes are the 


result of an adaptive response on the part of the 
organisms to overcome the toxicity of the drug, 
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Effects of 3-Acetylpyridine on Metabolism of Nicotinic Acid in Rats 
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Woolley (1945) reported the appearance of 
symptoms resembling nicotinic acid deficiency in 
mice treated with 3-acetylpyridine, which could be 
prevented by administration of nicotinic acid, 
nicotinamide or tryptophan (Woolley, 1946). 
Similarly, 3-acetylpyridine, when incorporated in 
the perfusion fluid of the isolated heart, produced 
electrocardiographic changes, which were reversible 
upon addition of nicotinamide (Braun, 1949). 
Gaebler & Beher (1951) found a marked increase in 
urinary excretion of N1!-methylnicotinamide in 
dogs after oral doses of 3-acetylpyridine. Normal 
dogs suffered no deleterious effects after admin- 
istration of 3-acetylpyridine, whereas manifesta- 
tions of blacktongue could be precipitated in 
nicotinic acid-deficient dogs. In subsequent 
studies Beher, Holiday & Gaebler (1952) demon- 
strated that C-labelled 3-acetylpyridine serves 
as a source of nicotinic acid and forms urinary N}- 
methylnicotinamide 


containing ™C, XLecently 
> J? 


McDaniel, Hundley & Sebrell (1955) have shown 
that 3-acetylpyridine may act as either substitute 
or antagonist of nicotinic acid in the dog, the 


ultimate effect depending upon the dog’s state of 
nutrition with regard to this vitamin. 3-Acetyl- 
pyridine was most effective as an antagonist in 
deficient animals, thus suggesting an impaired 
capacity to transform it into nicotinic acid in this 
condition. 3-Acetylpyridine seems therefore unique 
in being an antimetabolite that can be detoxified 
by means of its conversion into a vitamin. 

In view of the dual role of 3-acetylpyridine in the 
metabolism of nicotinic acid the present study was 
carried out in order to determine more clearly the 
activity of the compound in rats. 


METHODS 


All the animals used were albino males with an initial 
weight of about 40 g. Two kinds of diet were employed: 
a casein diet and a corn-sucrose diet. The casein diet con- 
sisted of (g./100g. of diet): casein 18, cornstarch 38, 
glucose 35, vegetable oil 5 and salt mixture (U.S.P. XIII) 4. 
The corn-sucrose diet was composed as follows (g./100 g. of 
diet): casein 5-4, sucrose 49-2, ground yellow corn 40-0, 
vegetable oil 3-0 and salt mixture (U.S.P. XIII) 2-4. These 
diets were fortified with the following vitamins (mg./100 g. 
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of diet): thiamine 0-2, riboflavin 0-3, pyridoxine 0-1, 
calcium pantothenate 1-6 and choline chloride 100. In some 
experiments 50 mg. of nicotinic acid was incorporated into 
each kilogram of the casein diet. The rats kept on the casein 
diet received additionally 100 iu. of vitamin A twice 
weekly. 

N}.Methylnicotinamide in urine was determined by the 
method of Huff & Perlzweig (1947), and the pyridine 
nucleotides in the liver by the fluorometric procedure 
described by Robinson, Levitas, Rosen & Perlzweig (1947). 
Neither method is specific for derivatives of nicotinamide 
only, and the substances determined by them probably 
comprise the 3-acetylpyridine analogues as well. 

RESULTS 

Urinary excretion of N'-methylnicotinamide-like 
substances. In the first experiment, three groups of 
rats were kept on the casein diet, supplemented 
with 50 mg. of nicotinic acid/kg. The first group 
was given daily oral doses of 5 mg. of nicotinamide, 
the second group received 5 mg. of 3-acetylpyridine 
daily and the third group remained untreated. At 
the end of the second, fourth and sixth week urin< 
was collected for 3 days and the excretion of N?- 
methylnicotinamide-like substances deter- 
mined (Table 1). 

As may be seen from Table 1, administration of 
3-acetylpyridine significantly depresses growth, in 
spite of the abundant dietary supply of nicotinic 
acid. Although rats treated with 3-acetylpyridine 
appear to be able to form N}-methylnicotinamide- 


was 


Table 1. 
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like substances, the amounts excreted are much 
less than those of N1-methylnicotinamide which 
are excreted by rats treated with the same dose of 
nicotinamide. 

In a second experiment the efficiency of con- 
version of 3-acetylpyridine into N}-methylnicotin- 
amide-like substances was compared with that of 
nicotinamide. About 100 rats were kept on the 
casein diet, which was not supplemented with 
nicotinic acid, until they reached a weight of 150— 
250g. At this stage they were divided into six 
groups, and each rat received a single oral dose of 
0, 1, 2, 5, 10 or 20 mg. of either nicotinamide or 
3-acetylpyridine/100 g. body wt. Urine was col- 
lected for 2 days, and the amount of N1-methyl- 
nicotinamide-like substances excreted was deter- 
mined. The results obtained are shown in Table 2. 

It can be seen that excretion of N1-methy]l- 
nicotinamide-like substances was impaired only 
in those rats which received large doses of 3-acety1- 
pyridine (10 and 20 mg.), whereas smaller doses of 
3-acetylpyridine caused no significant decrease in 
the excretion of these substances. It would thus 
appear that the efficiency of formation of N!}- 
methylnicotinamide-like substances from 3-acetyl- 
pyridine decreases with increasing doses of the 
compound administered. 

Liver pyridine nucleotides. Further evidence of 
the low efficiency of metabolic conversion of 3- 
acetylpyridine is found in Table 1, where it is 


Effect of 3-acetylpyridine on growth, excretion of N1-methylnicotinamide-like substances 


and liver pyridine nucleotides in rats kept on a casein diet containing nicotinic acid 


Results are given as the means, with the standard errors. Figures in parentheses indicate number of animals. NMNA, 


N-methylnicotinamide-like substances. 


Duration Weight increase 
Treatment of experiment , : ; 
(5 mg./day) (weeks) (g.) Pr? 
Nicotinamide 2 4442-0 
(18) 
3-Acetylpyridine 2 39+1-1 0-05 
(18) 
2 40+2-5 
(6) 
Nicotinamide 4 84+3-1 
(12) 
3-Acetylpyridine 4 70+4-1 0-01 
(12 
4 82+4-3 
(6) 
Nicotinamide 6 128+6-3 —- 
(6) 
3-Acetylpyridine 6 103 +4-2 0-01 
(6) 


Liver 
ee a 4 A— ’ — \ 
Pyridine nucleotides 
Excretion of NUNA — a 
aa oa Weight pg./g. 
(ug./day) I (g.) of liver r* 
1066 + 100 4-3+0-17 410+ 46 
(12) (6) (6) 
481+ 60 0-001 4-2+ 0-17 211416 0-001 
(18) (6) (6) 
197 +146 0-001 4-3+0-15 216+16 0-001 
(6) (6) (6) 
820+185 5340-16 710+39 
(6) (6) (6) 
398 +18 0-05 5-6+0-12 430+31 0-001 
(12) (6) (6) 
270+ 82 0-02 6-1+0-14 213+20 0-001 
(6) (6) (6) 
660 + 165 6-5+0-10 340+ 28 
(6) (6) (6) 
158 +25 0-01 5:7+0-12 240+ 36 0-05 
(6) (6) (6) 


* Probability that the differences from animals treated with nicotinamide are due to chance. 
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shown that prolonged administration of it leads to 
a much lower level of liver pyridine nucleotides 
does treatment 


than with an equal amount of 


nicotinamide. Rats treated for 2 weeks with 3- 
acetylpyridine had no higher pyridine nucleotide 
levels in their livers than untreated control rats. 
Only after treatment for 4 weeks with 3-acetyl- 
pyridine did the pyridine nucleotide level in the 
livers rise above that found in untreated controls. 

Effect on growth. 
3-acetylpyridine upon growth, the corn-—sucrose 
diet was employed. The results are summarized in 


Table 3. 


The table shows that the increase in weight of 


rats maintained on this corn—sucrose diet is de- 


pressed unless nicotinic acid is also incorporated 
(expts. 1 and 2). Small doses of 3-acetylpyridine 
(0-5 mg./day) significantly increased growth rates 
of animals kept on the corn-sucrose diet free from 


In order to study the effect of 
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nicotinic acid (expt. 5). The administration of 
correspondingly large doses of nicotinamide, on the 
other hand, exerted no toxic effects (expt. 6). 


DISCUSSION 


From this study it seems that the rat is able to 
convert 3-acetylpyridine into N}!-methylnicotin- 
amide, thus confirming the results obtained in 
earlier studies on dogs (Beher et al. 1952; McDaniel 
et al. 1955). It 


whether the fluorescent product obtained in our 


may, however, be questioned 
experiments by the method of Huff & Perlzweig 
(1947) is N1-methylnicotinamide or its 3-acetyl- 
pyridine analogue. Our results do not provide any 
definite answer. Beher et al. (1952), however, using 
3C-labelled 3-acetylpyridine, conclusively proved 
its conversion into N1-methylnicotinamide in the 
dog. The efficiency of the conversion of 3-acetyl- 


nicotinic acid (expt. 3), whereas large doses _ pyridine into either N!-methylnicotinamide or its 
(5 mg. of 3-acetylpyridine/day) proved to be toxic 3-acetylpyridine analogue is much less than that of 
and led to a much smaller increase in weight nicotinamide into N!-methylnicotinamide. Re- 
(expt. 4), which was only imsignificantly improved peated small doses or one single large dose of 3- 
by further supplementation of the diet with acetylpyridine induce a much lower excretion than 
Table 2. Urinary excretion of N1-methylnicotinamide-like substances after an oral test dose 
of nicotinamide or 3-acetylpyridine 
Means and standard errors are given. NMNA, N}!-methylnicotinamide-like substances. 
3-Acetyl- 
Nicotin- Excretion pyridine Excretion 
amide given of NMNA given of NMNA 
No. Weight (mg./100 g. (png./ 100 g. No. Weight (mg./100 ¢. (ug./100 g. 
of rats (g-) body wt.) body wt./day) of rats (g-) body wt.) body wt./day) re 
6 243 23+6 12 226 23+3 
10 212 1-0 65+12 6 L190 1-0 40 +10 0-1 
10 219 2-0 182+37 12 194 2-0 105 +-27 0-] 
10 221 5-0 225+ 64 12 205 5-0 120+ 28 0:2 
6 160 10-0 700 +119 6 185 10-0 218+71 0-01 
6 173 20-0 1950+ 171 6 196 20-0 376 + 60 0-001 


* Probability that the differences between the animals treated with nicotinamide and those treated with 3-acetylpyr- 


dine are due to chance. 


Table 3. 


Weight increase of rats treated for 6 weeks with nicotinamide or 3-acetylpyridine 


and maintained on a corn—sucrose diet 


Means and standard errors are given. 


No. of No. of Supplement 
expts. rats (mg./kg. of ration) 
l 12 
2 12 Nicotinic acid, 50 
3 12 
4 12 
5 12 Nicotinic acid, 50 
6 12 
re 1 vs. 2:0-001 
3 vs. 4:0-01 


vs. 6:0-001 


Weight 
increase 


Treatment in 6 weeks 


(mg./day) (g.) 

33 +3°6 

‘ 6643-9 

3-Acetylpyridine, 0-5 66+4-6 

3-Acetylpyridine, 5-0 48 +- 5-1] 

3-Acetylpyridine, 5-0 56 +2-4 

Nicotinamide, 5-0 64+43°3 
Ll vs. 3:0-001 l vs. 4:0-02 
4 vs. 5:0°2 2 vs. 5:0°05 


* Probability that the differences between the groups compared are due to chance. 
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equal doses of nicotinamide. Likewise, rats treated 
with 3-acetylpyridine have less pyridine nucleo- 
tides in their livers than rats receiving equal doses 
that 


does 


of nicotinamide. It is true the analytical 


method employed by us not. distinguish 
between pyridine nucleotides proper and _ their 
3-acetylpyridine analogues. However, Kaplan, 
Goldin, Humphreys, Ciotti & Venditti (1954) have 
reported that the injection of 3-acetylpyridine 
analogues into the 
pyridine nucleotide content of the liver, did not 
result in the formation of the 3-acetylpyridine 
may 


mice, although increasing 


analogues of the pyridine nucleotides. It 
therefore be assumed that the pyridine nucleotides 
found in the liver after administration of 3-acetyl- 
pyridine result from the conversion of the analogue 
into the vitamin. though in- 
efficient, may partially explain the vitamin-like 
effect of 3-acetylpyridine. 

In our growth experiments with rats kept on a 


nm. ; 
This conversion, 


corn-sucrose diet small doses of 3-acetylpyridine 
had a vitamin-like effect, whereas large doses im- 
paired the normal growth. This growth-inhibiting 
effect of 3-acetylpyridine was observed on rats 
maintained on the the 
sucrose diet, and even supplementation of these 
diets with nicotinic acid did not lower the toxicity 
of 3-acetylpyridine. 

In this connexion it is of interest that 


either casein or corn— 


the di- 
phosphopyridine nucleotide analogue occurs in 
intact animals fed with 3-acetylpyridine. Kaplan 
& Ciotti (1954) have shown that 3-acetylpyridine 
can be exchanged for nicotinamide in pyridine 
nucleotides by pig-brain diphosphopyridine nucleo- 
In contrast with results with liver, ad- 
ministration of 3-avetylpyridine 
analogue of diphosphopyridine nucleotide in brain 


tidase. 
induced some 
and spleen as well as in neoplastic tissue (Kaplan 
et al. 1954). Furthermore, Kaplan, Ciotti & 
Stolzenbach (1956) demonstrated that 3-acetyl- 
pyridine-pyridine nucleotide reacts much more 
slowly with yeast alcohol dehydrogenase but more 
rapidly with liver glutamic dehydrogenase than 
the pyridine nucleotide. Similar observations have 
recently been reported for an analogue of pyrid- 
oxine by Sandmann & Snell (1955). After ad- 
ministration of w-methylpyridoxine to rats, w- 
methyl-4-pyridoxic acid appears in the urine in 
amounts similar to those found for 4-pyridoxic acid 
after pyridoxine administration. The w-methyl- 
analogue of pyridoxine phosphate was found to be 
able to activate glutamic—aspartic 
transaminase. Also, the organs of rats treated with 


much less 


the pyridoxine analogue showed less transaminase 
and thionase activity than was found in control 
animals. 


On the other hand, the analogue sup- 
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ported the growth of rats kept on a diet deficient 
in pyridoxine. 

The two-sided effect of both 3-acetylpyridine 
and w-methylpyridoxine may be interpreted in 
the of the 
containing the analogue: they may activate some 


terms of dual character coenzymes 
of the vitamin-dependent enzymes but not others; 
moreover, they may function as metabolic an- 
tagonists in those enzymic reactions which they 


do not activate. 


SUMMARY 


1. Rats treated with 3-acetylpyridine excrete 
more N?+-methylnicotinamide-like substances in 
Repeated 


small doses or one single dose of 3-acetylpyridine 


their urine than do untreated controls. 


lead to a lower excretion of these substances than 
that after administration of 
sponding doses of nicotinamide. 

2. The pyridine nucleotide level in the livers of 


observed corre- 


rats treated with 3-acetylpyridine are lower than 
in animals given equal amounts of nicotinamide. 
3. Small doses of 3-acetylpyridine promote the 
growth of rats maintained on a corn-sucrose diet, 
whereas large doses depress it. Supplementation of 
this diet with liberal amounts of nicotinic acid has 
no significant ameliorating effect on this inhibition 
of growth. 
4. The 


explained in terms of its partial conversion into the 


two-sided role of 3-acetylpyridine is 
vitamin and the dual character of the coenzymes 
containing the analogue. 


The skilled technical assistance of Mr Yeheskel Fattal is 
gratefully acknowledged. 
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Some Paper-Chromatographic Studies with 
Aspergillus niger ‘152’ 'Transfructosylase 
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Chemistry Department, The University, Edgbaston, Birmingham 15 


(Received 8 November 1957) 


The transfructosylase of Aspergillus niger ‘152’ 
normally acts on sucrose to give trisaccharides 
[mainly O-x-p-glucopyranosyl-(1 -> 2)-O-8-p-fructo- 
furanosyl (1 + 2)-8-p-fructofuranoside], 
and fructose (Barker, Bourne & Carrington, 1954). 
In the presence of streptomycin it was shown that 
although the formation of the trisaccharide was 
virtually unaffected the ratio of fructose to glucose 
was markedly reduced (Barker, Bourne, Stacey & 
Ward, 1957). Since these results indicated that 
more than one enzyme (e.g. a sucrose hydrolase as 


glucose 


well as a transfructosylase) was present, attempts 
were made to separate the enzymes by paper 
chromatography. The separation of the enzyme 
fraction into two activity bands and the unusual 
properties associated with them are discussed 
below. 


=X PERIMENTAL 


Enzyme-extract preparation. The extract (100 ml.) was 
prepared from freeze-dried A. niger ‘152’ mycelium (3 g.) 
by the method of Barker & Carrington (1953). The extract 
was dialysed against running tap water for 48 hr. at room 
temperature, freeze-dried and redissolved in water (10 ml.). 
This dialysis before chromatography was necessary to 
remove small molecules (e.g. sugars) which appeared to 
impede the formation of discrete bands and caused high 
blank values in the activity assays. 

* Present address: Chemistry Department, Royal 
Holloway College, Englefield Green, Surrey. 


Enzyme chromatography. The enzyme solution (0-2 ml.) 
was streaked across the base line of Whatman no. 1 paper 
(35 cm. x 15 cm.) and dried at room temperature, except 
where otherwise stated. The chromatograms were irrigated 
with water at 0° [20% and 50% (v/v) aqueous acetone 
were found to give similar separations] until the solvent 
front was 3-4 cm. from the lower edge (about 6 hr.). On 
assay (see below) the activity was found to be concentrated 
into two bands. The faster band was readily isolated by 
irrigating for double the period used above and freeze- 
drying the eluate in the presence of 0-05m-citrate buffer 
(pH 6-8; 1 ml.). 

Activity assay. The chromatogram was dried at 0° and 
cut into twelve horizontal strips, each 2-5 em. wide. Each 
strip was incubated at 30° for 24 hr. with 10% sucrose 
solution (5 ml.). The amount of activity present was 
ascertained by determination of the total reducing power 
liberated (Shaffer & Hartmann, 1920) and expressed in mg. 
of ‘glucose’/5 ml. of digest. Blank incubations omitting 
first the paper strip and then the sucrose were also made. 


RESULTS 

The results of a typical separation (chromatogram 1) 
carried out as described above with retention of 
the faster-moving band on the paper are given in 
Table 1. Further separations were carried out with 
the following modifications; the results are given in 
Table 1. 

Irrigation without pre- 
viously drying the enzyme on the paper (chromato- 
gram 2), (b) after drying at 45° (chromatogram 3) 


was commenced (a) 


Table 1. Activity distribution on chromatograms 1-9 


Activity is expressed as milligrams of reducing sugar liberated from sucrose (see Experimental section). Details of the 
chromatograms are given in the Results section. The arrow indicates the direction of flow. 


Strip 
no. 1 2 3 4 
] 4-5 0-5 4-4 2-4 
2 2-1 0-6 2-2 0-4 
3 1-3 0-5 0-6 0-5 
4 1-1 0-3 0-4 0-8 
5 0-8 0-6 0-3 0-6 
6 0-9 0-6 0-6 0-4 
7 1-0 0-5 0-8 1-0 
8 1-7 0-8 2-6 2-4 
9 2-8 5-1 3°3 2-5 
10 8-1 11- 8-1 8-1 
1] 3-4 4-] 2-4 4-6 
i 2 0-1 


tw 
A 


Chromatogram no. 


5 6 7 8 9 
— (0-2 1-5 3-9 0-3 8-1 
0-2 0-8 2-0 0-4 3:2 
0-3 0-4 1-5 0-6 1-4 
0-1 0-3 1-0 0-5 0:8 
0-1 0-3 0-8 0-8 0-6 
0-2 0-3 0-5 0-7 0-6 
—0-2 0-3 0-4 0-9 0-9 
Nil 0-5 0-3 1-5 1-5 
0-1 1-0 0-4 8:3 7-2 
Nil 3-0 0-6 10-5 16:3 
0-1 0-7 0-6 4+] 3-1 
Nil 0-1 0-7 0-2 Nil 
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and (c) after drying at 0° (chromatogram 4). In 
chromatogram 5, developed after drying the 
enzyme on the paper at room temperature, each 
strip was heated with the sucrose solution at 95 
for 30 min. before incubation and determination of 
activity. In chromatogram 6 the enzyme was 
applied and dried at room temperature ; two-thirds 
of the enzyme had been previously inactivated by 
heating at 95° for 30min. A chromatogram, in 
which the enzyme had been dried at room temper- 
ature on the paper, was run for a longer period and 
the faster-running fraction eluted. The activity 
remaining on the paper is shown in the results for 
chromatogram 7. The eluates from two such papers 
were re-applied to another paper, dried at room 
temperature and irrigated with retention of the 
faster-moving fraction (chromatogram 8). Chro- 
matogram 9 was obtained by collecting the eluates 
from two longer-running chromatograms on which 
the enzyme had been dried at 0° before irrigation, 
and re-applying them to another paper, drying at 
room temperature and irrigating with retention of 
the faster-moving fraction. 

Attempts to elute the enzyme of the slower band 
from chromatograms with various buffer solutions 
or with sucrose solution were unsuccessful. 

The two bands of activity from a duplicate 
of chromatogram 1 were cut out and found to 
have no effect on inulin or levan when incu- 
bated separately on the strips with these two 
polysaccharides. 

Sucrose was converted readily by the enzyme 
associated with both bands into a mixture of 
glucose, fructose and at least one trisaccharide. No 
difference could be detected by paper chromato- 
graphic analysis between the actions of the two 
bands. 

The two bands of activity from a duplicate of 
were cut out. Each band of 
activity was incubated at 30° in 
solution (5 ml.), after the pH had been adjusted to 
6-5 with sodium hydroxide. Concurrently two 
similar incubations were made including strepto- 
mycin sulphate (0-5 g.) in the digests. The digests 
were examined periodically by paper-chromato- 
graphic analysis, and the 
compared visually. The streptomycin caused a 
slight reduction in the amount of glucose and a 
marked reduction in the amount of 
produced by the faster band (cf. 
However, with the slower band the streptomycin 
totally inhibited the enzyme action. 

The faster-moving fraction was prepared in bulk 
by drying the enzyme extract at room temperature 


chromatogram 1 
10% sucrose 


amounts of 


sugars 


fructose 
whole enzyme). 


(60 mi. from 18 g. of freeze-dried mycelium) on a 
suitable area of paper which was then cut up 
finely, packed into a column and eluted with water 
at 0° (31.). The eluate was freeze-dried in the 
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presence of 0-02m-citrate buffer (pH 6-8, 25 ml.), 
redissolved in water and diluted to 28 ml. 

The enzyme solution (28 ml.) was incubated at 
30° for 90 hr. with 25% sucrose solution (110 ml.) 
and then inactivated by heating at 95° for 30 min. 
The inactivated digest was fractionated twice by 
the method of Whistler & Durso (1950) on char- 
coal—Celite no. 545 columns (45 cm. x 5cm.), the 
ethanol-gradient (0-25 %) technique developed by 
Lindberg & Wickberg (1954) being used. The 
fraction containing the predominant trisaccharide 
was freeze-dried to a powder (2-07 g.); [x]? + 30° in 
water (c, 2-0). 

The trisaccharide had an infrared spectrum 
identical with that of O-«-p-glucopyranosyl-(1 — 2)- 
O-B-p-fructofuranosyl-(1-> 2)-8-p-fructofuranoside. 
The trisaccharide (0-469 g.) was heated at 80° for 
5 hr. with 5 mn-sulphurie acid (23-5 ml.); the 
solution was cooled, neutralized with barium car- 
bonate and filtered. The partial hydrolysate was 
fractionated by the method of Whistler & Durso 
(1950) on a _ charcoal—Celite no. 545 column 
(18cm.x3ecm.), the ethanol-gradient (0-15 %) 
technique developed by Lindberg & Wickberg 
(1954) being used. The fraction containing a disac- 
charide was freeze-dried to yield 0-192 g. (60-3 %). 
The disaccharide had [«]?) + 66° in water (c, 0-77) 
and m.p. 183° alone or in admixture with authentic 
sucrose. The sucrose was further characterized as 
its octa-O-acetate, [«]7? + 59° in chloroform (c, 0-3), 
m.p. 76°, alone or in admixture with an authentic 
specimen. Oxidation of the trisaccharide with 
periodate by the method described by Dyer (1956) 
showed that 4:09 mol. prop. of periodate was con- 
1:07 mol. prop. of formic acid was 
liberated. Methylation (Albon, Bell, Blanchard, 
Gross & Rundell, 1953), hydrolysis and subsequent 
fractionation on a silica-gel column (Bell & Palmer, 
1949) gave a tri-O-methylfructose and two tetra- 


sumed and 


O-methy1 sugars. The latter were present in equal 
quantities and were chromatographically identical 
with 2:3:4:6-tetra-O-methyl-p-glucose and 1:3:4:6- 
tetra-O-methyl-p-fructose. The mixture had [«]7? + 
54° in water (c, 1-1) (cale. for an equimolar mixture 
of 2:3:4:6-tetra-O-methyl-p-glucose and 1:3:4:6- 
tetra-O-methyl-p-fructose, + 56-4°) (Found: OMe, 
51-9. Cale. for C,oH»0,: OMe, 52-6 %). The tri-O- 
methyl sugar was characterized as 3:4:6-tri-O- 
methyl-p-fructose by its equilibrium specific rota- 
a|7?+30° in water (c, 0-7), its methoxyl 
content (Found: OMe, 42-2. Cale. for C,H,,0, : 
OMe, 41:9%) and its conversion into 3:4:6-tri-O- 
methyl-p-fructose phenylosazone, m.p. 129-131°, 
alone or in admixture with an authentic specimen. 


tion 





Other confirmatory evidence was the formation of 
an O-isopropylidene derivative and the results of 
periodate oxidation (1-17 mol. prop. of periodate 
consumed, 0-92 mol. prop. of formaldehyde formed). 
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The enzyme associated with both the faster and 
the slower bands hydrolysed this trisaccharide to 
elucose, fructose and sucrose. 


DISCUSSION 


The 
expected properties of the A. 


present work has demonstrated some un- 


niger transfructo- 
sylase. Although a separation into two bands of 
activity was achieved when the enzyme was dried 
45°, no 


separation was achieved if the enzyme had not 


on the paper at room temperature or 
been dried or only partial separation if it had been 
dried at 0°. 


activity 


Once ‘complete’ formation of the slow 
had 
chromatographing after drying at room temper- 


band of been accomplished by 
ature, the fast band of activity showed only one 
component after eluting and rechromatographing. 


had 


e.g. when the drying had been carried out at 0° or 


Whenever ‘incomplete’ formation occurred, 
when the enzyme had not been dried, rechromato- 
graphing the fast band after drying at room tem- 
perature resulted in the appearance of two bands of 
activity. From this it is evident that the original 
cause of the enzyme separation is a factor inherent 
in the enzyme and is not due to saturation of a 
property of the paper with excess of enzyme. 
A further possibility would be that there is an 
insufficiency of some factor in the enzyme extract, 
e.g. a coenzyme which enables the enzyme to be 
absorbed strongly on the paper or, conversely, 
enables the enzyme to avoid irreversible absorp- 
tion. Some evidence against this was obtained 


when the enzyme extract was diluted with two 
volumes of inactive extract and then applied to a 
chromatogram. The distribution of activity between 
the fast the that 


obtained with the active extract alone (cf. chro- 


and slow bands was same as 
matograms 1 and 6, Table 1). 

During the separations described above there 
was no fractionation into a hydrolysing enzyme 
and a transfructosylase, which was expected from 
the quantitative examination of the effect of 
streptomycin on the whole enzyme fraction. Both 
the enzyme in the fast and the slow bands pro- 
duced glucose, fructose and trisaccharides from 
sucrose. The two bands of activity could, however, 
be clearly distinguished by the effect of strepto- 
mycin. The presence of streptomycin appeared to 
inhibit completely the action of the slow band on 
sucrose. The fast band, however, showed an effect 
similar to that of the whole enzyme extract, inas- 
much as the formation of the monosaccharides, and 
particularly fructose, was reduced. The summation 
of the effects of the antibiotic on the two enzyme 
fractions gives a result similar to that on the whole 
enzyme fraction. 

The trisaccharides produced by either enzyme 


1958 
fraction from sucrose appeared identical. That 
formed by the faster fraction was rigorously 
characterized as O-x«-glucopyranosyl-(1 — 2)-0-8.- 


p-fructofuranosyl-(1— 2)-8-p-fructofuranoside. The 
irreversible absorption of the slow band on the 
paper prevented sufficient quantities from being 
prepared for a similar characterization of its tri- 
saccharide product. Although the characterization 
of the enzyme associated with the slow band is 
that 
occurring in the two bands are isodynamic. (Iso- 


thus incomplete it would appear enzymes 
dynamic enzymes are enzymes which catalyse thi 
same chemical change. They may be differentiated 
only by other means, e.g. physical properties, sus- 
ceptibility to inhibition.) If enzymes are often 
multiple in this manner, and in certain cases only 
one form is affected by an antibiotic, then a ready 
mechanism for the development of resistance is 
available. The organism has merely to develop 
greater reliance on the unaffected enzyme. 


SUMMARY 


the 
showed that the activity- 


1. Investigations of 
Aspergillus niger ‘152’ 
distribution pattern obtained on chromatography 
of the extract was extremely dependent on the 
method of application. 

2. Under 


fractions 


suitable conditions two enzyme 


were obtained. These two fractions 
appeared isodynamic but differed in their sus- 
ceptibility to streptomycin. 

3. The produced 


matographically component 


trisaccharide by the chro- 


faster-moving has 


been characterized. 


One of us (R. B. W.) wishes to thank the British Rayon 
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The site of action of 2-heptyl-4-hydroxyquinoline 
N-oxide (heptyl N-oxide) as an inhibitor of heart- 
muscle succinic oxidase activity has been shown to 
be between succinic dehydrogenase and cyto- 
chrome c (Lightbown & Jackson, 1954, 1956). The 
type of heart-muscle preparation used also oxidizes 
dihydrocozymase, and the pathway involves at 
least cytochromes c, a and a, (Slater, 1950a). In 
a preliminary communication (Jackson & Light- 
bown, 1956) we have reported the inhibitory effect 
of heptyl N-oxide on the dihydrocozymase- 
oxidase activities of heart-muscle succinic oxidase 
preparations and of certain cell-free preparations 
of Staphylococcus aureus, Escherichia coli, Proteus 
vulgaris and Bacillus pumilus. The present paper 
includes a more detailed account of this work, 


together with some further observations. 


METHODS 

Heart-muscle and bacterial preparations. These were made 
as described by Lightbown & Jackson (1956). The micro- 
organisms used were strains of Staphylococcus aureus, 
Escherichia coli, Proteus vulgaris and Bacillus pumilus. The 
fat-free dry weight of the heart-muscle preparations was 
approx. 20 mg./ml., and for visual spectroscopy 2 ml. 
volumes of the undiluted preparations were used, substrate 
and inhibitor being added as concentrated solutions so that 
the final volume did not exceed 2-1 ml. 

Spectroscopic observations. These were made with Zeiss or 
Beck low-dispersion microspectroscopes and a 150 c.p. 
Pointolite. 

Dihydrocozymase-oxidase activity. This was measured by 
following decrease in optical density at 340 my in a Hilger 
Uvispek or a Unicam SP. 500 spectrophotometer. To 
exclude non-oxidative inactivation of dihydrocozymase 
(DPNH), control experiments were done anaerobically. 
Unicam 
(catalogue no. 523) was used. This cell, which is of rect- 


For this purpose, a 10mm. fused silica cell 
angular cross-section, has at the open end a ground-glass 
socket. This socket was found to fit a C10 cone and a 
Thunberg tube was modified by addition of a C10 standard 
ground-glass cone, allowing the cell to be attached to the 
lowerend of the tube. Greasing of thisjoint was unnecessary. 
After evacuation and flushing four times with oxygen-free 
nitrogen, the cell with Thunberg tube attached was placed 
in the spectrophotometer, and when time had been allowed 


for equilibration of temperature, the substrate was added 
from the stopper of the Thunberg tube. The compartment 
of the spectrophotometer containing the cell and modified 
Thunberg tube was covered with a light-tight box. 

The conditions for all spectrophotometric experiments 
were: DPNH concentration 0-1m+10%; final phosphate 
0:143M; pH 7-3; final 
heptyl N-oxide, when added, 4m. Dilutions of bacterial 
and heart-muscle preparations were chosen to give re- 


concentration concentration of 


duction times of about 5 min. in the uninhibited prepara- 
tions. 

Diaphorase activity. This was examined by observing 
rates of reduction of methylene blue in Thunberg tubes 
anaerobically. Observations were at 37° and pH 7 in a 
final volume of 3 ml. Final phosphate concentration was 
0-1M, and final methylene blue concentration was 1/40 000. 
Suitable dilutions of heart and bacterial preparations were 
found experimentally for each batch. 

Materials. Cytochrome ¢ and cozymase (DPN) were 
obtained from L. Light and Co. Ltd., Colnbrook, Bucks. 
DPNH was prepared by reduction of cozymase with 
sodium dithionite as described by Slater (1950a). 

2-Heptyl-4-hydroxyquinoline N-oxide was synthesized 
by Dr J. W. Cornforth by the method described by Corn- 
forth & James (1956). In visual spectroscopic experiments 
it was used at a final concentration of 5 uM. 

Antimycin A was obtained from Dr D. E. Green. In 
visual spectroscopic experiments the final concentration 
used was approx. | uM. 

Phosphate buffer for all experiments was prepared with 
KH,PO, and NaOH. 


RESULTS 


Reduction of bacterial cytochromes by dihydro- 
cozymase. Direct visual spectroscopic examination 
of the cell-free bacterial extracts without added 
substrate showed no visual cytochrome bands, or 
at the most, very faint bands of reduced cyto- 
chromes. On addition of DPNH, the cytochromes 
of the preparations were rapidly reduced. The 
addition of heptyl N-oxide gave the same results 
as were observed when succinate was used as sub- 
strate (Lightbown & Jackson, 1956), i.e. the oxid- 
ation of the cytochrome b, of S. aureus was in- 
hibited, whereas in the H. coli preparations there 
was inhibition of reduction of the cytochrome 6,. 
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Inhibition of dihydrocozymase-oxidase activity. concentrations produced about 70% inhibition 
Figs. 1 and 2 show the inhibition of DPNH-_ with preparations of B. pumilus. 


oxidase activity of heart-muscle preparations and 
of cell-free preparations of S. aureus produced by 
4 um-heptyl N-oxide. The sensitivity of prepara- 
tions of P. vulgaris and of E. coli to the inhibitor 
was rather less than that of the staphylococcal 
preparations, a concentration of 6 um-heptyl N- 
oxide producing about 50% inhibition. 
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Fig. 1. Inhibition of DPNH-oxidase activity of heart- 

muscle preparation by heptyl N-oxide. @, No inhibitor 
), with heptyl N-oxide (4M final concentra- 
tion; readings corrected for slight absorption due to 
heptyl N-oxide). Final phosphate 
0-143mM; pH 7-3. Final conen. of heart muscle, 45 yg. 
fat-free dry wt./ml. Final volume in cuvette, 2-8 ml. 
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Fig. 2. Inhibition of DPNH-oxidase activity of Staphylo- 
coccus aureus cell-free preparation by heptyl N-oxide. 
@. No with 


(4M final concentration; readings corrected for slight 


inhibitor present; heptyl N-oxide 
absorption by heptyl N-oxide). Final phosphate concen- 
tration, 0-143mM; pH 7-3. Final dilution of bacterial 


preparation 1/60. Final volume in cuvette, 2-8 ml. 


Similar 


As crude bacterial preparations were used, the 
disappearance of DPNH might have been due to 
non-oxidative inactivation, as distinct from DPNH. 
oxidase activity. Observations on preparations of 
S. aureus and #. coli under anaerobic conditions 
with added DPNH were therefore made, but no 
measurable decrease in DPNH concentration was 
found. 

Diaphorase activity. Since it was possible that 
the inhibition observed might be due to inhibition 
of diaphorase, the diaphorase activity of heart- 
muscle preparations and the similar activity of 
bacterial preparations were examined with and 
without added heptyl N-oxide. No inhibition was 
found, even with 10 png. of heptyl N-oxide/ml. 

Visual observations of reduction of cytochrome 
of heart-muscle preparations by dihydrocozymase. 
Slater (1950a) found that, after addition of DPNH 
to heart-muscle preparations anaerobically, there 
was rapid appearance of strong bands of reduced 
cytochromes ¢ and a, but the band of reduced 
cytochrome b which appeared was faint and did not 
approach a density corresponding to full reduction 
even after 30min. In similar experiments, with 
the same concentration of DPNH that Slater used 
(0-33 mm final), we have obtained the same result 
When, however, either antimycin A (approx. 1 
final) or heptyl N-oxide (5 uM final) was added to 
the heart-muscle preparations before the DPNH, 
the addition of DPNH was followed by rapid and 
apparently complete reduction of cytochrome b, 
the reduction being complete within a second or two 
after mixing. 

Further experiments, in the absence of any 
inhibitor, showed a striking effect of increasing 
concentration of added DPNH on the density of 
the band of reduced cytochrome b. When DPNH 
(0-66 mm final) was used there was rapid and simul- 
taneous appearance within 2 or 3 sec. of mixing, of 
the bands of cytochromes a, b and c, the reduction 
of cytochrome b being comparable with that of 
cytochromes a and c. 

Addition of DPNH (0-66 mm final) to _heart- 
muscle preparations under aerobic conditions was 
followed by appearance of bands of reduced cyto- 
chromes a and ¢, and a faint b band was also visible. 
The DPNH added was rapidly oxidized by the 
the bands of the reduced 
cytochromes were visible for only a short period 
unless the DPNH was replenished. When heptyl 
N-oxide or antimycin A was added before the 


preparation, so that 


DPNH, an intense cytochrome b band appeared 
promptly on addition of DPNH, the bands of 
cytochromes c and a remaining faint. 

When DPNH (0-66 mm) 


muscle 


was added to _ heart- 


preparations containing 0-02Mm-cyanide, 
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intense bands of reduced cytochromes c and a were 
seen, but the cytochrome b band was relatively 
weak. In the presence of heptyl N-oxide or anti- 
mycin A, however, DPNH produced, within 2 or 
3sec., appearance of an intense band of reduced 
cytochrome b. 


DISCUSSION 


The DPNH-oxidase activity of the heart-muscle 
and bacterial preparations was inhibited by micro- 
molar concentrations of heptyl N-oxide, whereas 
the diaphorase activity was unaffected. The site of 
action of heptyl N-oxide was found by Lightbown 
& Jackson (1956) to be between succinic dehydro- 
genase and cytochrome c. Slater (1950a) has sug- 
gested that diaphorase links with the cytochrome 
system through a factor between cytochrome 6b 
and cytochrome c in the heart-muscle system. An 
inhibitor acting on a factor in this position might 
therefore be expected to inhibit both succinate and 
DPNH oxidation (Fig. 3). Slater excluded cyto- 
chrome 6 from the main pathway for oxidation of 
DPNH in this type of preparation because of the 
observed slow and incomplete reduction of cyto- 
chrome b after addition of DPNH under anaerobic 
conditions. Any direct linkage between diaphorase 
and cytochrome b was regarded by Slater as 
insignificant as compared with the diaphorase— 
factor path, the observed slight reduction of 
cytochrome b by DPNH being ascribed to a back- 
reaction, the rate of which was not more than about 
2% of the rate of the forward reaction through 
cytochrome c. In intact liver mitochondria, how- 
ever, according to Chance & Williams (1955) it is 
certain that cytochrome 6 is on the main pathway 
for oxidation of DPNH. 

The slow appearance and weakness of the band 
of reduced cytochrome 6 seen in certain aerobic 
and anaerobic experiments might have some ex- 
planation other than Slater’s suggestion that cyto- 
chrome 6 is not on the main pathway for oxidation 
of DPNH, but is taking part in a slow back- 
reaction. It is known (Slater, 19506) that added 
cytochrome c is reduced at a rate which is only 
about 0-1 % of the rate of reduction of the intrinsic 
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cytochrome c of the preparation, and by the same 
method we have found a similar relationship of the 
rates with our preparation. However, concentra- 
tions of added cytochrome c in excess of the in- 
trinsic cytochrome c are reduced in less than 1 sec. 
by the heart-muscle preparation used for visual 
spectroscopy. If this is so for a reaction with a 
rate which is 0-1 % of that of the rate of the normal 
forward reaction 
argued by analogy that a back-reaction to cyto- 
chrome b, with a rate of 2% of that of the forward 


to cytochrome c, it can be 


reaction to cytochrome c, should lead to reduction 
of the cytochrome b more quickly than is observed, 
if there are no other complicating side-reactions. 
It is probable (Slater, 1949) that the molarity of 
cytochrome b in the preparations is roughly similar 
to that of cytochrome c. 

Slater (1950a) has also reported that full re- 
duction of cytochrome b by DPNH could be ob- 
tained under anaerobic conditions in the presence 
of cyanide, although the reaction was slow. He 
calculated that if the factor had a potential of 
0-llv, half-way between the potentials of cyto- 
chrome 6 and cytochrome ¢, then if only 1 % of the 
factor were in the oxidized form the maximum 
reduction of cytochrome b would be 24%. As he 
pointed out, the complete removal of oxygen from 
the tubes is difficult, and residual traces of oxygen 
might keep the factor slightly oxidized. This might 
be so if DPNH concentration was limiting, but, 
with an excess of DPNH, it seems probable that 
any residual oxygen would rapidly be exhausted. 

Under aerobic conditions, a very slight cyanide- 
stable oxidation would serve to prevent full re- 
duction of cytochrome b in the presence of cyanide, 
and there is the possibility that the so called ‘auto- 
oxidation’ of cytochrome b, which might involve 
the Slater factor (Lightbown & Jackson, 1956), 
would tend to keep the cytochrome b oxidized. The 
‘auto-oxidation’ of cytochrome b is prevented by 
heptyl N-oxide and by antimycin A, so that if 
either it or a residual oxidation through the cyto- 
chrome system were involved, both would be in- 
hibited in the presence of either of these substances. 
The phenomenon of ‘auto-oxidation’ was first 
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encloses the possible site of action of heptyl N-oxide. X, Postulated factor between cytochrome b and cytochrome c; 
Y, auto-oxidizable materials which may be present in the preparation. 
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66 
observed in the presence of cyanide (Keilin, 1928), 
but we have found that when azide is used instead 
of cyanide, ‘auto-oxidation’ appears more marked. 
It is possible therefore that ‘auto-oxidation’ is 
partly inhibited by cyanide. A rough estimate of 
the molarity of the cytochrome c in the heart- 
muscle preparations used was made from the 
optical density of the band of the reduced cyto- 
chrome, and a value of about 6 um was found. If 
similar molarities are assumed for cytochromes b, 
a and a;, and for the Slater factor, which might 
exist as an electron-transporting unit, a concentra- 
tion of 0-33 mm-DPNH would be at least ten times 
that of the total cytochrome and Slater factor. 
However, by adding DPNH alone, full reduction of 
cytochrome b is not seen under anaerobic condi- 
tions unless twice this concentration is used. The 
heart-muscle preparations may contain small 
quantities of unidentified materials which can be 
reduced slowly by reduced factor. Under anaerobic 
or nearly anaerobic conditions materials of this 
kind might be completely reduced in the presence 
of higher DPNH concentrations, and this might 
perhaps account for the more complete reduction 
of cytochrome 6 seen with higher DPNH concen- 
trations. If there is residual oxygen in the tubes, 
there will be some initial reoxidation of reduced 
cytochromes, and again the higher DPNH concen- 
tration will favour full reduction of cytochrome b. 
Heptyl N-oxide or antimycin A would inhibit 
residual oxidation of the factor, whether by oxygen 
or by other substances in the preparation. Wainio 
& Cooperstein (1956) have pointed out the neglect 
of ‘auto-oxidation’ of cytochrome b in kinetic 
studies and the possibility that reducible substances 
in heart-muscle preparations might affect the 
degree of reduction of cytochrome 6. Lundegardh 
(1955), 
system of wheat roots, has found that, in the 


in an investigation of the cytochrome 


presence of cyanide, cytochrome 6 can to some 
extent act as a substitute for cytochrome oxidase 
although it is relatively very inefficient. 

It appears therefore that cytochrome b might be 
on the main pathway for oxidation of DPNH in 
this type of preparation. The same considerations 
apply to the suggestion by Chance (1952) that 
cytochrome 6 is not on the main pathway for 
oxidation of succinate. The 
perhaps an artifact resulting from the mode of 


‘auto-oxidation’ is 


preparation of the heart-muscle system, materials 
being freed which can react with the factor between 
cytochrome 6 and cytochrome ¢ and which are 
themselves auto-oxidizable. This would complicate 
the kinetic analysis, since a branch would have 
been produced in the electron-transport chain at 
the Slater The probably 


factor. preparations 


always contain myoglobin, and this might «react 
with the Slater factor although we have not so far 
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been able to obtain evidence for this. Accurate 
measurements of the rates of reduction of cyto. 
chrome 6 by DPNH and by succinate in the 
presence of antimycin A or heptyl N-oxide would 
help to clarify the function of cytochrome b in these 
preparations. The nature of the factor between 
cytochrome b and c remains unknown. 

The results with bacterial preparations and 
heptyl N-oxide show some similarities between the 
mammalian and bacterial DPNH-oxidase systems. 
As with the succinic oxidase systems, antimycin A 
is without effect in bacterial preparations and the 
same possibilities which we have discussed for the 
succinic oxidase systems (Lightbown & Jackson, 
1956) apply equally to the DPNH-oxidase systems. 


SUMMARY 


1. The cytochromes of preparations of Staphylo- 
coccus aureus, Escherichia coli, Proteus vulgaris and 
Bacillus pumilus were reduced by added dihydro- 
cozymase (0-66 mm). 

2. Oxidation of 0-66 mm-dihydrocozymase by 
the bacterial preparations was inhibited by heptyl 
N-oxide (4 uM). 

3. In the presence of 4um-heptyl N-oxide with 
dihydrocozymase (0-33 mM) as substrate, the oxid- 
ation of reduced cytochrome b, of Staphylococcus 
aureus preparations was inhibited, but in prepara- 
tions of Escherichia coli, the reduction of oxidized 
cytochrome 6, was inhibited. 

4. The diaphorase activity of heart-muscle pre- 
parations and of the cell-free bacterial preparations 
was not inhibited by heptyl N-oxide. 

5. Anaerobically, the cytochrome b of the heart- 
muscle preparations was slowly and incompletely 
reduced by 0-33 mm-dihydrocozymase, but com- 
plete reduction occurred when the dihydrocozy- 
mase was 0-66 mM. 

6. Under aerobic conditions when heptyl N- 
oxide or antimycin A was present, strong reduction 
of cytochrome 6 of heart-muscle preparations was 
observed, even with of di- 
hydrocozymase (0-33 mm). 

7. It is suggested that cytochrome b is on the 
main pathway for electron transport in the di- 
system of the _heart- 


low concentrations 


hydrocozymase-oxidase 
muscle preparation. 

8. The site of action of heptyl N-oxide in the 
dihydrocozymase-oxidase system of heart muscle is 
between diaphorase and cytochrome c, and most 
probably between cytochrome b and cytochrome ¢. 

9. Both heptyl N-oxide and antimycin A in- 
hibit ‘auto-oxidation’ of cytochrome b. The 
significance of this phenomenon is discussed. 

We wish to thank Mr R. W. Warner, King’s College 
Hospital Medical School, for technical assistance in this 
work. 
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The Effect of Digitonin on the Cytochrome c 
Oxidase Activity of Plant Mitochondria 


By E. W. SIMON 
Department of Botany, The Queen’s University, Belfast 


(Received 13 September 1957) 


The activity of an enzyme is given by the rate at 
which it causes its substrates to react under defined 
conditions. To determine this activity it is neces- 
sary to create an experimental situation in which 
the substrates have free access to the enzyme, since 
any barrier between enzyme and substrates will 
appear to reduce the activity of the enzyme. 
Cytochrome c oxidase promotes the aerobic 
oxidation of cytochrome c, a substrate of relatively 
large molecular dimensions with a molecular 
weight of about 12000 (Wainio & Cooperstein, 
1956). It is hardly to be expected that so large a 
molecule will penetrate freely into cells—indeed 
experiment has shown that exogenous cytochrome c 
does not penetrate into rat-tissue cells (Beinert & 
Reissmann, 1949)—and it is therefore necessary to 
break cells to measure the activity of their cyto- 
chrome oxidase. If the cells are ground in the 
appropriate buffered sucrose medium, centrifuging 
the resulting homogenate will yield mitochondria 
which bear cytochrome oxidase in addition to 
many other enzymes. Cytochrome oxidase-bearing 
particles can also be isolated from homogenates 
made by grinding cells in plain buffer solutions 
(Keilin & Hartree, 1947; Bhagvat & Hill, 1951). 
These particles, which are fragments of the original 
mitochondria, lack many of the activities of the 
intact mitochondria but they possess nevertheless 
several other enzymes besides cytochrome oxidase 
(Keilin & Hartree, 1947). The test system for 
measuring cytochrome c oxidase activity therefore 
consists of a substrate (cytochrome c) of large 
molecular size and a particulate enzyme system in 
which the oxidase is bound to other enzymes. It 
seems reasonable to suppose that the cytochrome c 


supplied exogenously can react only with oxidase 
molecules located at the surface of the particles 


(Cleland & Slater, 1953), any oxidase molecules 
lying within the particles being inaccessible to the 
substrate. In support of this postulate there’ is 
evidence that procedures which disrupt the 
particles yield preparations having a higher cyto- 
chrome oxidase activity. Thus Wainio & Aronoff 
(1955) found that a variety of surface-active agents 
increased the cytochrome oxidase activity of a 
Keilin and Hartree heart-muscle preparation. 
Mackler & Green (1956) obtained increases in a 
heart preparation with deoxycholate and Simon 
(1957) described experiments in which the cyto- 
chrome oxidase activity of Arwm mitochondria was 
increased after mechanical vibration or treatment 
with digitonin. 

Little attempt has been made so far to determine 
how much cytochrome c oxidase activity can be 
revealed by such procedures, although this infor- 
mation may have an important bearing on our 
understanding of oxidation processes in those 
tissues which appear at the moment to be deficient 
or lacking in cytochrome oxidase. The action of 
digitonin was selected for further study as the work 
of Wainio & Aronoff (1955) and Simon (1957) 
suggested that it was particularly active. The 
present paper describes experiments on the action 
of digitonin in which particles isolated from bean 
shoots were used as a source of cytochrome 
oxidase. It is shown that incubation of the particles 
with digitonin for a short time increases cyto- 
chrome oxidase activity by a substantial amount. 


MATERIALS AND METHODS 


Plant material. Seeds of Phaseolus vulgaris (French bean) 
were sown in moist sand in covered glass containers and 
incubated for 5 days at 25° in the dark with occasional weak 


5-2 
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red light. The plumular hooks and roots were excised, 
leaving the white hypocotyls (about 2 in. long). 
Ricinus (castor bean) were grown under the same condi- 
tions. Fruits and vegetables were bought locally ; leek roots 
were cut off plants grown in garden soil. 

Preparation of mitochondria, Plant material (30 g.) was 
ground in a pestle and mortar with a little quartz sand and 
45 ml. of a medium containing 0-2m-sucrose and 0-05 
Serensen phosphate buffer, pH 7-1. After straining through 
muslin the mixture was centrifuged at 500 g for 10 min. and 
the resulting supernatant then centrifuged for 15 min. at 
4000 g. The mitochondrial pellet was resuspended in the 
above medium with a glass homogenizer, the mitochondria 
sedimented again by centrifuging for 15 min. at 4000 g and 
finally suspended in 3-25 ml. of the medium. For the 
experiments presented in Table 4 this procedure was modi- 
fied: the centrifugings were made at 1000 g for 5 min. and 
10 000 g for 15 min. respectively and the final preparations 
contained the 
material in a volume of 3-25 ml. The preparations were 
made at 2° and when the final suspension of mitochondria 
had to be stored between assays it was placed in a mixture 


mitochondria from about 15g. of plant 


of ice and water. 

Chemical materials. Catalase and trypsin (manufacturer's 
designation 1-300) were purchased from Nutritional Bio- 
(Cleveland, Ohio, U.S.A.), dodecyl 
sodium sulphate from the Watford Chemical Co. Ltd. 
(London E.3) and A.R. digitonin from Hopkin and 
Williams Ltd. Air-dried of Crotalus 
supplied by the Zoological Society of London. Cytochrome c 
was prepared from ox heart according to Keilin & Hartree 
(1945). 


chemicals Corpn. 


venom atrox was 


Assay of cytochrome ¢ oxidase 


A volume (0-01 ml.) of the 
enzyme preparation was pipetted into a spectrophoto- 
meter cell of lem. light-path loaded with 3 ml. of a 
medium containing sucrose (0-2m), phosphate (0-05m, 
pH 7-1) and cytochrome c (20 uM), the cytochrome c being 
reduced with dithionite and then oxygenated to remove the 
excess. Readings of optical density at 550 my were made 
with a Unicam SP. 500 spectrophotometer at intervals of 
15 sec. for 90sec. and then again after the addition of 
0-02 ml. of M-potassium ferricyanide to oxidize the cyto- 
chrome c. The first-order rate constant for the disappear- 
ance of reduced cytochrome c was calculated according to 
Smith (1955). Suspensions of mitochondria not treated 
with digitonin usually had a low activity, and it was some- 
times found that a minute or two passed before the attain- 
ment of the maximum rate of change of optical density. 
Readings were then continued for 3 min. and the highest 
rate/min. recorded in this period was used to calculate the 
rate constant. The rate constant (£) for 0-01 ml. of enzyme 
preparation and expressed in min.~—! was multiplied by the 
concentration of reduced cytochrome c (20 um) to yield the 
rate of oxidation of cytochrome c (20 x 10-® x k mole. 1.- 
min.—'). Since four molecules of reduced cytochrome c are 
required to oxidize one molecule of oxygen to water, the rate 
of oxygen uptake was 5 x 10-® x k mole. 1.-! min.-!. From 
this it can be calculated that the rate of oxygen uptake by 
0-5 ml. of enzyme preparation in a reaction volume of 3 ml. 
is 10° x kyl./hr., and this figure was used to determine the 
rate of oxygen uptake as yl. of O,/hr./g. wet wt. of tissue. 

Manometric procedure. This followed the method de- 
scribed by Simon (1957). 


Spectrophotometric procedure. 


SIMON 


Seeds of 


RESULTS } 


Action of digitonin on mitochondrial 
cytochrome oxidase 


{ 
f 
The action of digitonin is dependent on its concen- | 
tration and on the time for which it acts on a sus- | 


pension of mitochondria. It is clear from Fig. | 
that cytochrome oxidase activity is greater in the 
presence of digitonin than in its absence but that 
activity decreases if the digitonin is held in contact 
with the mitochondria for long. In all subsequent 
experiments a sample was removed for assay 
30 sec. after the addition of digitonin to the mito- 
chondria. The effect of digitonin depends on its 
concentration if this is lower than about 10 mg./ml. 
(see Fig. 2). For subsequent work, a concentration 
of 20 mg./ml. was chosen. The digitonin becomes 


of suspension being pipetted into 3 ml. of cyto- 
chrome c¢ solution, and it is then too weak to have 
any further action on the mitochondria. 

A series of unexpected results led to the dis- 
covery that storing a suspension of mitochondria 
at 0° for a period decreases the cytochrome oxidase 
activity, which can then be elicited by treatment 
In Fig. 3 are shown the results of 
an experiment in which a preparation of mito- 


with digitonin. 


chondria was held at 0° and samples were removed 
at 12 min. intervals for incubation with digitonin 
and assay. The activity of control samples, on the 
other hand, remains constant for long periods 


diluted 300 times in the assay procedure, 0-01 ml. 


(Fig. 1, curve A), and the procedure was therefore 
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Fig. 1. Cytochrome oxidase activity in Phaseolus mito- 
chondria after incubation for varying times with (A) 0, 
(B) 0-5, (C) 2 and (D) 20 mg. of digitonin/ml. The first 
readings in A, B and C were taken after incubation for 
30 sec. with digitonin; the results are from three separate 
experiments. 
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adopted of working rapidly, treating preparations 
with digitonin as soon as possible and doing the 
control experiment after the digitonin treatment. 
The oxidation of cytochrome c by digitonin- 
treated mitochondria followed a first-order law. 
The first-order rate constant varied with cyto- 
chrome ¢ concentration, the value with 20umM- 
cytochrome ¢ being about half that with 8 um. 
Although this variation could be studied only over 
a relatively narrow range of cytochrome concen- 
trations the results confirm the findings of Smith & 
Conrad (1956). According to these authors cyto- 
chrome ¢ acts as an inhibitor, decreasing the rate 
constant for the oxidation when it is present in 
high concentrations, from which it follows that 
Slater’s (1949) extrapolation method of determin- 
ing cytochrome oxidase activity at an infinite con- 


centration must underestimate the full activity of 


the oxidase. It was decided to confine subsequent 
measurements to one concentration of cytochrome c, 
namely 20 uM. 

The oxidation of cytochrome c by mitochondria 
treated with digitonin proceeds to completion, and 
if the cytochrome c is then reduced by the addition 
ofasmall amount of dithionite the process of oxid- 
ation is repeated. Digitonin per se does not oxidize 
reduced cytochrome c. The addition of catalase (in 
quantity sufficient to halve the optical density of 
a solution of hydrogen peroxide at 240 my in 
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Effect of incubation for 30 sec. with varying con- 
centrations of digitonin on cytochrome oxidase activity 
in Phaseolus mitochondria. The several concentrations 
were tested in serial order at 3 min. intervals, starting 
with the strongest. 


DIGITONIN AND CYTOCHROME c OXIDASE 


Fig. 4. 
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75 sec.) did not affect the rate of oxidation of cyto- 
chrome c by a mitochondrial suspension; thus a 
cytochrome c peroxidase is unlikely to be acting. 
Assay procedure. The mitochondrial suspension 
was prepared as described above. Within 1 min. of 
the completion of the preparation 0-5 ml. of the 
suspension was pipetted into a cold tube containing 
10 mg. of digitonin. The digitonin was brought 
into solution by rubbing it against the sides of the 
tube with a glass rod. After 30 sec. 0-01 ml. of the 
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Fig. 3. Effect of incubating a mitochondrial suspension at 
0° for various times before treating with digitonin 
(20 mg./ml. for 30 sec.) and then assaying with either 
20 um- or 10 uM-reduced cytochrome c. 
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Relationship between the volume of digitonin- 


treated mitochondrial suspension assayed and _ the 


activity determined by the standard procedure. Assays 
were made at 3 min. intervals and in the order indicated. 
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mixture was assayed. The activity of the untreated 
mitochondrial suspension was assayed next, about 
4 min. after the preparation of the mitochondria. 


Experiment showed that reduction of the period of 


incubation with digitonin from 30sec. to 15 or 
10 sec. increased activity by 20 or 30%, but it was 
found difficult to carry through the necessary 
manipulations in a reproducible manner in periods 
much shorter than 30 sec. The cytochrome oxidase 
activity recorded in this procedure is proportional 
to the quantity of mitochondrial suspension taken 
for assay (Fig. 4). 

Assay procedure applied to various tissues. A 
variety of plant tissues lacking chlorophyll was 
assayed according to the procedure described above. 
The results are summarized in Table 1. The cyto- 
chrome oxidase activity of the untreated mito- 
chondria varies over a wide range from 0-6 for pear 
to 88 for Ricinus endosperm. Several factors may 
In the first place, the figures 
undoubtedly reflect the proportion of cytoplasm to 
vacuole in the cells: storage tissues and fruits are 
highly vacuolated and these tissues have the lower 
activities. Secondly, it must be pointed out that 


be concerned here. 


the mitochondria were isolated in a centrifugal 
field of only 4000 g, which is probably insufficient 
to bring down all the mitochondria, so that a 
greater proportion of the total would be isolated 
from a tissue in which the mitochondria were large 
than from a tissue with small mitochondria. There 
may, again, have been differences in the efficiency 
with which the cells of the various tissues were 
disrupted in the initial grinding procedure. 
However, the most important aspect of Table | 
is independent of the level of activity in the 
controls: it is that digitonin increases cytochrome 
oxidase activity in every case and sometimes by a 
considerable amount. No attempt was made to see 


Table 1. 


Tissue 

Stem: potato tuber 
Roots: swede 

carrot 

beetroot 

leek 
Fruits: marrow 

pear 
Leaves: celery petiole 

onion bulb 

cabbage bud 
Seedlings: Phaseolus hypocotyl (5 day) 

Ricinus endosperm (6 day) 

Fungus: mushroom stipe 
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whether the conditions used for 
Phaseolus mitochondria with digitonin were indeed 
appropriate for preparations from other plants, and 
some of the variation in the potentiating power of 
digitonin (ranging from under 3 to 52) might be 
taken to indicate that conditions were far from 
optimum in certain of the tissues. Yet it seems 
probable that some of this variation reflects true 
differences in the enzymic architecture of the mito- 
chondria. 

Spectrophotometric and manometric procedures 
compared. In a study of mitochondria isolated 
from Arum spadix (Simon, 1957) it was found that 
mitochondria disintegrated by mechanical vibra- 
tion had a greater cytochrome oxidase activity 
than controls, when activity was measured spectro- 
photometrically or manometrically with ascorbic 
acid as reducing agent. Attempts to repeat this 
result in manometric experiments with p-phenyl- 
enediamine as reducing agent were unsuccessful, 
the disintegrated mitochondria having no more 
activity than the controls. It was suggested that 
p-phenylenediamine might inhibit the action of the 
cytochrome oxidase revealed by disintegration. 

It seemed particularly desirable to make com- 
parable measurements on the Phaseolus mito- 
chondria after treatment with digitonin. However, 
these mitochondria have an ascorbic acid oxidase 
(E. W. Simon, unpublished work), so that ascorbic 
acid is not a suitable reducing substance for use in 
the manometric determinations; quinol was used 
instead. The results of three experiments are pre- 
sented in Table 2. 

Considering first the untreated controls, it will 
be noted that manometric determinations with p- 
phenylenediamine give higher cytochrome oxidase 
activities than the other procedures, and _ that 
increase in the concentration of cytochrome ¢ 


Effect of digitonin treatment on mitochondrial cytochrome c oxidase 


Cytochrome oxidase 
(ul. of O,/hr./g. wet wt.) 


f — Ratio: 

Digitonin- treated/ 

Control treated control 
2-0 51 25 
3:5 38 1] 
0:8 9-8 12 

3-5 24 6-9 

23 64 2-8 
2-4 80 33 
0-6 31 52 
6-0 110 18 
1-2 53 44 
10 120 12 
4:7 130 28 

88 540 6-1 

6-4 160 25 


treatment of 
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Table 2. Comparison of manometric and spectrophotometric assays of cytochrome ec oxidase 
in Phaseolus mitochondria 


Cytochrome oxidase was measured in the presence of either 20 um- or 60 um-cytochrome c. In the manometric determi- 
nations 0-03M-p-phenylenediamine (PPD) or 0-02M-quinol (Q) or both was used to reduce the cytochrome c. 


Cytochrome oxidase (yl. of O,/hr./g. wet wt.) 


Manometric 


Expt. Reducing 
no. agent Control treated 
] PPD 26 28 
2 Q 15 74 
3 PPD 38 37 
Q 16 70 
PPD+Q 26 60 


causes a correspondingly smaller increase in ac- 
tivity. These differences can be related to the power 
of p-phenylenediamine to penetrate into the 
particles and reduce the endogenous cytochrome c 
(Slater, 1949; Fritz & Beevers, 1955). It is clear 
that cytochrome oxidase activity is increased by 
treatment with digitonin if it is measured spectro- 
photometrically or manometrically with quinol as 
reducing agent, but not when p-phenylenediamine 
is used. Since the two reducing agents together 
reveal at least some increase in activity after 
treatment with digitonin (Table 2, Expt. no. 3) 
it seems that p-phenylenediamine may be not so 
much an inhibitor of the internal cytochrome 
oxidase as an ineffective reducing substance. 

Even the manometric experiments with quinol 
do not reveal as large an activity in the treated 
mitochondria as do spectrophotometric measure- 
One _ possible the following. 
In spectrophotometric experiments samples of 
with 


ments. reason is 
mitochondrial suspension were incubated 
digitonin for 30 sec., and the action of digitonin was 
then terminated by the 300-fold dilution on assay ; 
but in manometry 0-5 ml. of the mixture of mito- 
chondria and digitonin was pipetted into a War- 
burg flask, where it suffered only sixfold dilution, 
leaving the digitonin concentration high enough to 
cause a continued decay in cytochrome oxidase 
activity (ef. Figs. 1, 2). It was found that reduction 
in the volume of suspension pipetted into the 
Warburg flask from 0-5 to 0-05 ml. increased the 
activity/ml. nearly three times. Nevertheless, 
manometric experiments never yielded so great an 
increase in activity after treatment with digitonin 
as did spectrophotometric runs, the highest in- 
crease recorded being only eightfold. 

Treatment of mitochondria with digitonin com- 
pared with other treatments. The treatment of mito- 
chondria with digitonin by the procedure described 


above revealed a higher cytochrome oxidase 


20 um-Cytochrome c 


Digitonin- 


Spectrophotometric 


60 um-Cytochrome c 20 um-Cytochrome c 


Digitonin- Digitonin- 
Control treated Control treated 
32 28 6 110 
26 82 5 130 
-— 6 150 


activity than any other treatment investigated 
(Table 3). Deoxycholate, tauroglycocholate and 
dodecyl sodium sulphate used under the same con- 
ditions as digitonin were only about half as 
effective; it was noted that prolonged incubation 
with the bile salts, as with digitonin (Fig. 1), 
reduced cytochrome oxidase activity. Cetyltri- 
methylammonium bromide, a cationic detergent, 
proved to be inhibitory. 

Treatment with Crotalus venom gave a marked 
increase in cytochrome oxidase activity: with 
trypsin there was a slight increase only. 

Of physical treatments, the most effective was 
transfer to hypotonic conditions. Mitochondria 
washed in water or 0:05m-phosphate instead of the 
usual sucrose-containing medium had about one- 
third of the activity of a sample treated with digito- 
nin. Mechanical vibration with Ballotini spheres 
was yet less effective, while incubation at 25° and 
two cycles of freezing followed by thawing were 
quite ineffective. 

Effect of medium used in preparing the enzyme 
system on digitonin treatment. The fact that transfer 
of mitochondria prepared in a sucrose-containing 
medium to one of lower molarity was sufficient to 
increase cytochrome oxidase activity (Table 3) 
suggested that it would be of interest to compare 
the action of digitonin on mitochondria prepared in 
buffered sucrose with its action on particles pre- 
pared in a medium lacking sucrose. The results in 
Table 4 show that cytochrome oxidase activity of 
controls is higher in the particles prepared in 
buffer than in those prepared in buffered sucrose, 
an observation in with the usual 
practice of homogenizing tissues in plain buffer for 
However, digitonin 
cytochrome 


accordance 


eytochrome oxidase assay. 
treatment quite clearly 
oxidase activity in both types of preparation. The 
highest activities are found in preparations made in 
buffered sucrose and then treated with digitonin. 


increases 





» 


Table 3. 


Chemical substances and trypsin were all applied to the mitochondrial suspension at 20 mg./m!. for 30 sec. 
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Digitonin treatment compared with certain other treatments on Phaseolus mitochondria 
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Crotalus 


venom was made up as a 10% (w/v) solution, 0-1 ml. of this being incubated with 1 ml. of mitochondrial suspension for 
30 sec. Mechanical vibration consisted of shaking 3 ml. of mitochondrial suspension with 3 g. of Ballotini spheres at 
500 cyc./sec. for 3 min. Pretreatment with phosphate or water was effected by washing the mitochondria in these media 
instead of the usual sucrose- and phosphate-containing solution. 


Ciiemsinal Treatment 


Digitonin 

Deoxycholate 

Tauroglycocholate 

Dodecyl sodium sulphate 
Cetyltrimethylammonium bromide 


Enzymic 
Trypsin 
Crotalus venom 

Physical 
Freezing and thawing (twice) 
Incubation at 25° for 1 hr. 
Mechanical vibration 


Pretreatment for 20 min. with 0-05m-phosphate 


Pretreatment for 20 min. with water 


DISCUSSION 


It has been shown above that treatment of mito- 
chondria derived from a variety of plant tissues 
with digitonin results in a pronounced increase in 
cytochrome oxidase activity, and preliminary 
studies with particles prepared from rat liver and 
kidney show that digitonin has the same action on 
them. Wainio & Aronoff (1955) have shown spec- 
trophotometrically that digitonin (and some other 
surface-active agents) increase cytochrome oxidase 
activity in the Keilin and Hartree heart-muscle 
preparation. Gamble & Lehninger (1956), on the 
other hand, report a 50% inhibition of the cyto- 
chrome oxidase in rat-liver mitochondria by their 
treatment with digitonin. This result is surprising 
in view of the studies by Wainio and his colleagues 
and of the present experiments, but the procedures 
of Gamble & Lehninger differ from those described 
above in two respects which might each lower 
cytochrome oxidase activity: (1) the mitochondria 
were incubated with digitonin for as long as 
20 min., and (2) cytochrome oxidase was measured 
by the manometric method with ascorbic acid as 
reducing agent. 


Mechanism of action of digitonin 

In an earlier paper (Simon, 1957) the increase in 
cytochrome oxidase activity brought about in 
Arum mitochondria by mechanical vibration and 
by (prolonged) treatment with digitonin was cited 
as evidence for a dual location of cytochrome 
oxidase, distinction being drawn between a super- 
ficial location accessible to exogenous cytochrome ¢ 


Cytochrome oxidase 


(ul. of O,/hr./g. wet wt.) Ratio: 
—-- . treated/ 
Control Treated control 
6-4 120 19 
9-4 85 9-0 
6:8 59 8-7 
4:5 27 6-0 
5-5 0 0 
4-5 7-4 1-6 
) 33 5:7 
6-4 8-5 1-3 
6-4 4-9 0-8 
3-7 85 2:3 
4-5 28 6-2 
7-4 38 5-1 


and a second position which is internal and in- 
accessible. It was suggested that these two loca- 
tions might be respectively the outer envelope of 
the mitochondria and the cristae or villi revealed by 
electron-microscope studies. So long as the mito- 
chondria were intact exogenous reduced cyto- 
chrome ¢ would assay only the oxidase located at 
the surface; to measure the activity of the internal 
oxidase it would be necessary first to puncture the 
outer envelope. This simple picture now seems 
incorrect, since (1) if it were true one would expect 
that mechanical vibration and treatment with 
digitonin would be about equally effective, whereas 
in fact vibration is a relatively inefficient treat- 
ment (Table 3), and (2) the particles prepared in 
plain buffer lack many of the integrated activities 
of the intact mitochondria and consist of mito- 
chondrial fragments (Gamble & Lehninger, 1956), 
yet treatment with digitonin increases cytochrome 
oxidase activity in these already 
mitochondria (Table 4). 

The fact that several other surface-active agents 
besides digitonin are effective in increasing cyto- 
chrome oxidase activity (Table 3 and Wainio & 
Aronoff, 1955) leads to the suggestion that they 
may act by disorganizing lipoprotein structures, 
and specifically by freeing cytochrome oxidase 
molecules from their normal close association with 
other large molecules. Ball & Cooper (1949) first 
suggested that lipids were important as structural 
elements in mitochondria, and Green (1956) has 
pictured adjacent cytochrome oxidase chains as 
being held together in a close-knit framework by 
lipid in such a way that dispersal of the lipid would 


fragmented 





Vol. 69 


Mitocl 


free the 
cytochr 
supplies 
a poor | 
of mito 
The 
after t 
conditi 
mediur 
swellin 
seen fr 
lates tl 
in pla: 
lativel 
prepar 
some ¢ 
cedure 
sucros' 
well a 
would 
than ¢ 
show 
digito’ 
and 4 
It v 
mitoc 
when 
was 
hibiti 
surfac 
repor 
stein, 
to h 
suceil 
hydre 
(Hog 
1951) 
tions 
disin} 
chror 
prese 
itself 
digit 








1958 


talus 


mn for 
es at 
nedia 


ca- 
of 
by 
to- 
to- 
at 
al 
he 
ms 
ct 
th 
as 


ts 


D- 
& 
'V 





Vol. 69 


DIGITONIN AND CYTOCHROME c OXIDASE 





Table 4. Effect of medium used in preparing mitochondria on cytochrome c oxidase 


Mitochondria were isolated by centrifuging at 10 000g. Each value is the mean of two or three determinations. 


Mitochondria prepared 
in 0-05m-phosphate 


Material Control 
Potato tuber 33 
Mushroom stipe 34 
Phaseolus hypocoty] 170 


Cytochrome oxidase 
(ul. of O,/hr./g. wet wt.) 
Mitochondria prepared 

in 0-05m-phosphate, 

0-2 M-sucrose 


Digitonin- Digitonin- 
treated Control treated 
100 20 260 
120 24 280 
390 74 530 


free the individual cytochrorne chains and render 
cytochrome oxidase accessible to exogenously 
supplied substrate. Mechanical vibration would be 
a poor means of effecting so subtle a disintegration 
of mitochondrial structure. 

The enhancement of cytochrome oxidase activity 
after transfer of the mitochondria to hypotonic 
conditions or resulting from preparation in a 
medium of low tonicity is presumably due to 
swelling of the lipoprotein framework. It will be 
seen from Table 4 that although digitonin stimu- 
lates the cytochrome oxidase of preparations made 
in plain buffer the degree of stimulation is re- 
latively small, presumably because the particles 
prepared in this way are already disintegrated to 
some degree. If, as seems likely, the normal pro- 
cedure for preparing mitochondria in buffered 
sucrose yields some fragmented mitochondria as 
well as intact ones, then centrifuging at 10 000g 
would isolate a preparation having more fragments 
than a preparation :uade at 4000 g, and it would 
show the smaller increase on treatment with 
digitonin as was indeed found (cf. Tables 1 
and 4). 

It was observed in the present experiments that 
mitochondria lost the power to oxidize succinate 
when treated with digitonin although cytochrome c 
was oxidized at a faster rate. Comparable in- 
hibitions of succinoxidase by bile salts and other 
surface-active agents and by venom have been 
reported earlier (see review by Wainio & Cooper- 
stein, 1956); and it is known that whereas exposure 
to hypotonic conditions reduces mitochondrial 
succinoxidase it has little effect 
hydrogenase and may increase cytochrome oxidase 
(Hogeboom, Claude & Hotchkiss, 1946; Potter, 
1951). It seems that under the appropriate condi- 
tions the multi-enzyme succinoxidase system is 
disintegrated in such a way as to leave the cyto- 
chrome c oxidase still functional. The results 
presented in Fig. 1 suggest that cytochrome oxidase 
itself is attacked if the particles are treated with 
digitonin for long periods of time; it would indeed 


on succinic de- 





be surprising if this did not happen in view of 
the fact that cytochrome oxidase has a large 
lipid content (Marinetti, Scaramuzzino & Stotz, 
1957). 

It is pertinent to recall here that under the 
appropriate conditions digitonin can set free from 
mitochondria a system which retains the capacity 
for oxidative phosphorylation (Cooper & Lehninger, 
1956) and from chloroplasts, a system with cyto- 
chrome c photo-oxidase activity (Nieman & 
Vennesland, 1957). Further, digitonin, like bile 
salts, has the power to clarify mitochondrial sus- 
pensions (Wainio & Aronoff, 1955; Witter & 
Cottone, 1956). 

The ability of trypsin to increase cytochrome 
oxidase activity is presumably a result of digestive 
attack on mitochondrial proteins. The activity of 
Crotalus venom is of interest since venoms contain 
a variety of toxins and enzymes, including a phos- 
pholipase A (Slotta, 1955). Nygaard (1953) has 
examined the effect on rat-liver mitochondria of a 
crystalline phospholipase A prepared from venom 
of C. terrificus terrificus and finds that succinic 
dehydrogenase is inhibited less than succinoxidase, 
whereas cytochrome oxidase activity may be in- 
creased (Nygaard & Sumner, 1953). The phospho- 
lipase A of venom is very stable to boiling; in the 
present experiments it was found that venom 
boiled for 15 min. increased cytochrome oxidase 
only about one-third as much as the unboiled 
venom. In contrast with these results, Braganca & 
Quastel (1953) observed 50 % or more inhibition of 
the cytochrome oxidase activity of a rat-brain 
homogenate after treatment with heated cobra 
venom, and somewhat similar results are reported 
by Edwards & Ball (1954). But examination of the 
methods used shows that in both investigations the 
venom was allowed to act on the enzyme prepara- 
tion for 30min. or more, and that cytochrome 
oxidase activity was measured manometrically 
with p-phenylenediamine as reducing agent; both 
of these conditions would tend to obscure any 
stimulation of cytochrome oxidase. 


Assay of cytochrome ce oxidase 


The assay of cytochrome oxidase presents two 
special problems. The first, already discussed by 
Slater (1949) and by Smith & Conrad (1956), con- 
cerns the effect of cytochrome c concentration on 
the activity of the enzyme. The second, which is 


considered here, is the question of the ease of 


access of the substrate to its enzyme. It is clear 
from Table 4 that low cytochrome oxidase values 
are given by particles prepared in sucrose-contain- 
ing media and that preparation in hypotonic media 
or treatment with digitonin give successively 
higher values. The interpretation put upon these 
results is that digitonin treatment releases cyto- 
chrome oxidase molecules from close association 
with neighbouring macromolecules. At the same 
time, as discussed above, it seems that digitonin 
actually destroys some cytochrome oxidase ac- 
tivity, so that the treatment underestimates the 
enzyme activity of the preparation—and that by 
an unknown amount. However, the value of the 
treatment with digitonin is that it gives a better 
approximation to the true activity than does 
assay of untreated particles. 

Finally it should be said that although the ex- 
periments described above deal only with treat- 
ment of mitochondrial preparations with digitonin, 
the treatment should have a wider application 
than this, for instance to tissue homogenates or to 
other particles suspected of bearing cytochrome 
oxidase. 


SUMMARY 


1. The cytochrome c oxidase activity of sus- 
pensions of plant mitochondria is increased by 
incubating them with 20 mg. of digitonin/ml. for 
30 sec. Increases ranging from 2-8 times to 52 
times were recorded with mitochondria isolated 
from various plant tissues. 

2. Cytochrome oxidase was measured spectro- 
photometrically. 
rather smaller increases in activity were found 
when quinol was used as reducing agent, but 
with p-phenylenediamine there was no increase 
at all. 

3. Treatment with digitonin was more effective 


In manometric experiments, 


than were various other chemical, physical and 
enzymic treatments. 

4. It is suggested that digitonin acts by dispers- 
ing lipid links between protein molecules in the 


EK. W. 
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mitochondria in such a way as to render cytochrome 
oxidase molecules more accessible to their exo. 
genous substrate, reduced cytochrome c. 


This work has been aided by grants from The Royal 
Society. 
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Studies with Glycyrrhetic Acid: 
Inhibition of Metabolism of Steroids in vitro 
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Glyeyrrhizinie acid is the diglucopyranosiduronic 
acid of glycyrrhetic acid (Lythgoe & Trippett, 
1950) which has a triterpenoid structure (Ruzicka, 
Jeger & Ingold, 1943) as shown in (I) (Beaton & 
Spring, 1955). As far as the junctions of rings A, 
B, C and D are concerned the stereochemistry is 
the same as in allopregnane. 


HO 





(I) Glyeyrrhetic acid 


Molhuysen et al. (1950) showed that liquorice 
and glycyrrhizinic acid had a deoxycorticosterone- 
like action in that they promoted retention of 
sodium and water and loss of potassium, in normal 
humans, severe case of Addison’s 
On the con- 


but in 
disease did not have these effects. 
trary, Groen, Pelser, Willebrands & Kamminga 
(1951) described two Addisonian patients who 
could be maintained in correct electrolyte balance 
with liquorice or glycyrrhizinic acid alone. 

Pelser, Willebrands, Frenkel, van der Heide & 
Groen (1953) showed that glycyrrhetic acid, when 
administered orally to Addisonian patients, was 
more effective than glycyrrhizinic acid. Pelser, 
Willebrands & Groen (1953) found that during 
prolonged treatment with liquorice or glycyrrhetic 
acid, if the maintenance dose were not reduced 
after some time oedema set in. Borst, ten Holt, 
Molhuysen & Vries (1953) suggested that in those 
patients who did not respond to treatment with 
liquorice derivatives there was a complete lack of 


one 


any remnants of functioning adrenal tissue. 
* Present address: Pharmacy Department, Sunderland 


lechnical College, Co. Durham. 





Groen, Pelser, Willebrands, Veer & Van der Kerk 
(1953) investigated the effect of derivatives and 
analogues of glycyrrhetic acid on the electrolyte 
balance of Addisonian patients. They concluded 
that the keto group, or the carboxyl group (either 
as such, or as a ketol-acetate group), or both, were 
essential for activity. 

Since glycyrrhetic acid contains an «f-unsatur- 
ated ketonic group it was thought that the effect of 
glycyrrhetic acid might be due to its inhibition of 
metabolism of adrenocortical steroid in vivo. It 
was decided therefore to investigate the action of 
glycyrrhetic acid on the metabolism in vitro of 11- 
deoxycorticosterone and progesterone, since these 
are steroids having «f-unsaturated ketonic groups 
known to undergo enzymic transformation in vitro. 


EXPERIMENTAL 


Materials. Glycyrrhetic acid (Stafford Allen and Sons 
Ltd.) had m.p. 278-282° (all melting points are uncor- 
rected); progesterone (Organon Laboratories Ltd.), re- 
crystallized from ethanol as prisms («-progesterone), had 
m.p. 127-5-128°; 11-deoxycorticosterone was prepared 
from 11-deoxycorticosterone acetate (Organon Laboratories 
Ltd.) and had m.p. 138—142°; 11-deoxoglycyrrhetiec acid 
had m.p. 320-323°. Methyl vinyl ketone (L. Light and Co. 
Ltd., Colnbrook, Bucks) was not purified further; p- 
benzoquinone was purified by sublimation and had m.p. 
113-114°; acetophenone had b.p. 198-199°. 

Methods. Female rats (Wistar strain) were killed by 
dislocation of neck vertebrae. The livers were removed and 
dropped into the ice-cold medium which, except where 
otherwise stated, was 0-25M-sucrose containing 0-12M- 
nicotinamide (Roche Products Ltd.). Homogenates 
(10%) were prepared in the same solution by grinding first 
in an all-glass homogenizer (Potter & Elvehjem, 1936) and 
subsequently in a similar apparatus with a Nylon pestle 
(Brownie & Grant, 1954). For some experiments, the 
homogenate, prepared in 0-25m-sucrose, was centrifuged 
for 1 hr. in an MSE refrigerated centrifuge at 0°, the super- 
speed unit with four-place angle head being used, at 
25 000 g (‘25 000 g supernatant’). The incubation medium, 
unless otherwise stated, contained 0-05m-KCl; 0-005m- 
MgSO,; 0-002m-sodium citrate (pH 7-4) 0-01 M- 
potassium phosphate (pH 7-4). Where required, nicotin- 
amide was added to incubation vessels to give a final con- 
centration of 0-04m. Where pyridine nucleotides were 
added, they were dissolved in phosphate buffer and re- 
duced with Na,S,0, (Hogeboom & Schneider, 1950). 
Steroids and glycyrrhetic acid were added as solutions in 


and 
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propane-1:2-diol and this solvent was added to all vessels in 
such amounts that the final volume was the same in all 
cases. 11-Deoxoglycyrrhetic acid is only sparingly soluble 
in propane-1;2-diol and was added as a solution in 0-1 ml. 
of ethanol. A volume (1 ml.) of enzyme preparation was 
added and the total volume in each vessel was 3 ml. 
Progesterone was determined by the method of Taylor 
(1954) and 11-deoxycorticosterone was determined by the 
method of Brownie & Grant (1954). Every incubation 
experiment included ‘recovery controls’ and ‘blanks’ as 
described by Taylor (1954). 


RESULTS 


Recovery of steroids in the presence of glycyrrhetic 
acid. It was necessary to ascertain whether or not 
glycyrrhetic acid was carried through the ana- 
lytical procedure for steroids and appeared in the 
same final fraction as progesterone or 11-deoxy- 
corticosterone, particularly since a solution of 
glycyrrhetic acid in ethanol gives a peak at 
248 mp (van Katwijk & Huis in’t Veld, 1955). 
‘blank’ 


Duplicate incubations, duplicate pro- 
gesterone ‘control’ incubations and single 11- 
deoxycorticosterone ‘control’ incubations were 


carried out in the absence and in the presence of 


0-001 M-glycyrrhetic acid, a 10% 


being used. Table 1 shows that blank values and 


homogenate 


Table 1. 
mixtures which had been incubated with glycyr- 


Recovery of steroids added to reaction 
Y @O 


rhetic acid and rat-liver homogenate 


A volume (1 ml.) of a 10% homogenate prepared in 
0-25M-sucrose containing 0-12M-nicotinamide was incu- 
bated in air for 1 hr. with a medium containing 0-05M- 
KCl; 0-005m-MgSO, ; 0-002Mm-sodium citrate (pH 7-4) and 


0-01 M-potassium phosphate (pH 7-4) in a final volume of 


3 ml. Recovery values have been corrected by ‘apparent’ 
steroid recovered in ‘blank’ experiments. 


Progesterone 0-001 M- Apparent progesterone 
added Glycyrrhetic recovered 
(ug-) acid (ug) 
0 (‘blank’) - 15 
23 
0 (‘blank’) 20 
23 
Progesterone recovered 
(ug-) (%) 
395 _ 364 92 
368 93 
395 368 93 
384 97 


11-Deoxycorticosterone 
11-Deoxycortico- recovered 
sterone added —~ 


(%) 


(ug-) (ug-) 
610 - 573 94 
610 591 97 
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Table 2. Inhibition by glycyrrhetic acid of the meta. | 
bolism of progesterone and 11-deoxycorticosteron: 
by rat-liver homogenate 


Experimental conditions were as described for Table 1. 
Steroid (500 wg.) was added in 0-05 ml. of propane-1:2-diol, 
‘Controls’ were carried out by adding steroids after incu. 
bation. Values have been corrected by subtraction of 
‘apparent’ steroid recovered in ‘blank’ experiments in 
which no steroids were added. 

11-Deoxy- 
Progesterone corticosterone 
recovered recovered 
(%) (%) 
0 - 64 
67 
0 11 17 
14 19 


0-0002 84 
87 


0-0002 : 58 ¢ 
59 63 
0-0005 - 97 

98 


Conen. of 
glycyrrhetic 
acid 

(mM) DPNH 


0-001 M- 


59 


0-0005 : 79 75 
84 76 


0-0010 - 99 é 
99 ; 
00-0010 87 ° 
89 ; 
‘Control’ - 100 ; 
‘Controls’ 98 94 
100 97 


recoveries of progesterone and 11-deoxycortico- 

sterone are not significantly affected 

presence of 0-001 M-glycyrrhetic acid. 
Inhibition by glycyrrhetic acid of steroid meta- 


by the 


bolism by rat-liver homogenate. Schneider (1952) 
showed that rat-liver slices metabolize 11-deoxy- 
and Wiswell & Samuels (1953) 
showed that progesterone is metabolized by rat- 
liver homogenate. Table 2 shows that glycyrrhetic 
acid is a powerful inhibitor of the metabolism of 
both 11-deoxycorticosterone and progesterone by 


corticosterone, 


rat-liver homogenate, both in the absence and in 
the presence of added reduced diphosphopyridine 
nucleotide (DPNH). 

Inhibition by glycyrrhetic acid of progesteron: 
metabolism by rat-liver supernatant. Tomkins & 
Isselbacher (1954) found that cortisone reduction 
was mediated by a particle-free supernatant of rat- 
liver homogenate in the presence of reduced tri- 
phosphopyridine nucleotide (TPNH). Glycyrrhetic 
acid could inhibit progesterone metabolism either 
indirectly by preventing the regeneration of 
TPNH or by inhibiting directly the reduction of 


progesterone. To investigate this, a 25 000g 


supernatant was prepared; this still contains some 
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microsomes, but a higher centrifugal force was not 
available. This supernatant was dialysed against 
1:15 % (w/v) KCl solution for 4 hr. at 0°, fresh KCl 
solution being provided after 2 hr. This procedure 
removes citrate, cis-aconitate and isocitrate almost 
completely (Atherden, 1956). Four different pro- 
gesterone concentrations were used, and recovery 
controls included for each 
Table 3 shows that progesterone metabolism by the 
25 000 g supernatant in the presence of TPNH and 
in the absence of tsocitrate is inhibited by 0-0001 m- 
glyeyrrhetic acid. 

Inhibition by glycyrrhetic acid and other sub- 
stances rat-liver 
homogenate. The fact that glycyrrhetic acid con- 
tains an «f-unsaturated ketone group, in common 
with progesterone and 11-deoxycorticosterone, was 


were concentration. 


of progesterone metabolism by 


suggestive that this might be the active moiety of 


the inhibitor. To investigate this possibility, the 
effect on progesterone metabolism of various sub- 
stances was tried. From Fig. 1 it may be seen that 
progesterone recovery is unaffected by the presence 
of 0-:0005M-11-deoxoglyeyrrhetic acid (b), methyl 
vinyl ketone (c) or p-benzoquinone (d). It may 
also be seen that glycyrrhetic acid (j), methyl 
vinyl ketone (k) and p-benzoquinone (I) effect com- 
plete inhibition of progesterone metabolism, where- 
as 11-deoxoglycyrrhetic acid (7), acetophenone (h), 
ethanol (g) and acetone (f) cause much less 
inhibition. 


DISCUSSION 


Glycyrrhetic acid has been found to inhibit the 
destruction of both progesterone and 11-deoxy- 
corticosterone by rat-liver homogenate (Table 2). 


Table 3. 


metabolism of protesterone by a dialysed rat-liver 


Inhibition by glycyrrhetic acid of the 


supernatant 


A 25 000g supernatant was prepared from a rat-liver 
homogenate and dialysed against 1-15% (w/v) KCl soln. 
for 4 hr., the KCl soln. being changed after 2 hr. A volume 
(I ml.) of the supernatant was used with an incubation 
medium which contained 0-05m-KCl, 0-005m-MgSO,, 
0-01M-potassium phosphate (pH 7-4), 0-04M-nicotinamide 
and 0-0003 mM-TPNH. 

Recovery of progesterone (%) 

0-0001 m- 
Glycyrrhetic 

acid 


No 
glycyrrhetic 
acid 


Conen. of 
progesterone 
(m) 
0-0002 54 93 
‘Control’ 0-0002 94 - 
0-0003 70 98 
‘Control’ 0-0003 97 — 
0-0004 84 
‘Control’ 0-0004 101 
0-0005 86 
*Control’ 0-0005 94 
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This may mean that the reduction of ring A of 
ap-unsaturated ketonic steroids is inhibited in 
general by glycyrrhetic acid. 

To test whether glycyrrhetic acid 
directly progesterone reduction, a 25 000 g super- 
natant was dialysed (to citrate, 
aconitate and isocitrate) and TPNH was added; 
thus the only reaction that should have occurred, 
as far as progesterone was concerned, was the 
reduction of progesterone by enzyme and _ pre- 
formed TPNH. Glycyrrhetic acid was added to 
this system and was found to cause complete in- 
hibition (Table 3). Thus it may be concluded that 
inhibition by glycyrrhetic acid is a direct effect on 
the steroid enzyme system. It will be seen that to 
effect complete inhibition of progesterone meta- 
bolism a concentration of glycyrrhetic acid of at 
least 0-0005M was with 
(Table 2), whereas with supernatant (Table 3) 
0-0001M-glycyrrhetic acid was sufficient. This is 


inhibited 


remove cis- 


required homogenate 


(a) Recovery control 

(b) Control +11-deoxoglycyrrhetic acid 
(c) Control+ methyl vinyl ketone 

(d) Control+ p-benzoquinone 

(e) No additions 

(f) Acetone 

(g) Ethanol (0-1 ml.) 

(h) Acetophenone 

(i) 11-Deoxoglycyrrhetic acid 

(j) Glycyrrhetic acid 


(k) Methyl vinyl ketone 


(Il) p-Benzoquinone 


0 20 40 60 80 100 
Progesterone recovered (%) 


Fig. 1. Inhibition by glycyrrhetic acid and other sub- 
stances of progesterone metabolism by rat-liver homo- 
genate incubated in air for 1 hr. at 37°. The reaction 
mixture contained 0-05m-KCl, 0-005mM-MgSO,, 0-002m- 
sodium citrate (pH 7-4), 0-01m-potassium phosphate 
(pH 7-4) and the substances shown, in a final volume of 
3 ml. Ethanolic solutions (0-1 ml.) of 11-deoxoglycyr- 
rhetic acid, methyl vinyl ketone, p-benzoquinone and 
acetophenone were used; final concentrations of these 
substances and of glycyrrhetic acid and acetone were 
0-0005m. About 500 yg. of progesterone was added in 
0-05 ml. of propane-1:2-diol. Double lines at the ends of 
bars indicate duplicate values. 
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possibly due to glycyrrhetic acid itself bemg meta- 
bolized to a greater extent with the homogenate 
than with the supernatant. 

The fact that 11-deoxoglycyrrhetic acid inhibits 
to a small extent only (Fig. 1) demonstrates that 
the ll-oxo group is inhibition. 
Glycyrrhetic acid, administered to Addisonian 
patients maintained on 11-deoxycorticosterone, 
was found to have a_ 11-deoxycorticosterone- 
sparing effect in that it assisted in the maintenance 
of a positive sodium balance (Groen et al. 1951); 
Groen, Willebrands & Pelser (1956) found that 
analogues of glycyrrhetic acid without the 11l-oxo 
group, when administered to patients, did not 
maintain a positive sodium balance characteristic 
of glycyrrhetic acid. This agreement between in 
vivo and in vitro results supports the postulate that 
glycyrrhetic acid acts in vivo by inhibiting steroid 


required for 


reduction. 

The requirement for a keto group and the fact 
that methyl vinyl ketone and p-benzoquinone, 
which both contain «8-unsaturated ketonic groups, 
inhibited progesterone reduction (Fig. 1), though 
not proof, is suggestive that the «f-unsaturated 
ketonic group of glycyrrhetic acid is the active 
part of the molecule. Ketones such as aceto- 
phenone and acetone inhibited to a small extent 
only (Fig. 1). 


SUMMARY 


1. Glycyrrhetic acid has been found to inhibit 
the metabolism of progesterone and 11-deoxy- 
corticosterone by rat-liver homogenate. 

2. Methyl vinyl ketone and p-benzoquinone have 
also been found to inhibit the metabolism of pro- 
gesterone by rat-liver homogenate. 

3. Glyeyrrhetic acid inhibited 
metabolism by reduced triphosphopyridine nucleo- 
tide with a dialysed supernatant, free from citrate, 


progesterone 


cis-aconitate or iso-citrate. 
4. These results, and clinical results with gly- 
cyrrhetic acid and its analogues, are discussed. 
The author is indebted to Professor G. F. Marrian, 
F.R.S., and to Dr J. K. Grant for constant advice and 
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interest in this work; for gifts of deoxoglycyrrhetic acid 
and glycyrrhetic acid he wishes to thank Professor F, §, 
Spring, F.R.S., and Dr W. Mitchell (of Stafford Allen and 
Sons, Ltd.) respectively. The progesterone was a generous 
gift to Professor Marrian from Organon Laboratories Ltd. 
The expenses of this work were partly defrayed by a grant 
to Dr Grant from the Medical Research Council. 
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Chromogenic and Fluorogenic Reactions of Adrenocortical 
and Other Steroids in Concentrated Acids 


By H. KALANT 
Department of Pathological Chemistry, University of Toronto, Toronto, Canada 


(Received 29 July 1957) 


It has been known for many years that various 
steroids, when treated with certain concentrated or 
anhydrous acids, fluoresce brightly under suitable 
illumination. Natural oestrogenic hormones were 
found to develop a yellowish orange colour and a 
bright-green fluorescence when dissolved in a 
mixture of concentrated sulphuric acid and acetic 
anhydride (Wieland, Straub & Dorfmiiller, 1929; 
Marrian, 1930), or in concentrated sulphuric acid 
alone (Schwenk & Hildebrandt, 1932). Cortisone, 
hydrocortisone (17-hydroxycorticosterone) and cer- 
tain other adrenocortical steroids behaved similarly, 
although cortisone was said not to do so after 
chromatographic purification (Wintersteiner & 
Pfiffner, 1936; Reichstein & Shoppee, 1943). 
Similar colour or fluorescence phenomena have 
been reported from time to time with a large 
variety of steroids dissolved in different reagents 
such as concentrated phosphoric acid (Finkelstein, 
Hestrin & Koch, 1947; Boscott, 1948; Finkelstein, 
1952), phthalic anhydride and chloride 
(Garst, Nye, Maron & Friedgood, 1950), perchloric 
acid (Tauber, 1952; Pontius, Beckmann & Voigt, 
1955), anthrone in sulphuric acid (Graff, 1952), 
thiophen in sulphurie and acetic acids (Levine & 
Tao, 1953), diphenylamine in sulphuric and acetic 
(Clark, 1955), 
sulphuric acid (Steyermark & Nowaczynski, 1955) 
phosphoric acid (McAleer & 


zine 


acids phosphorus pentoxide in 
and vanillin in 
Kozlowski, 1956). 

The fluorescence phenomena have been utilized 
in the development of qualitative tests for the 
detection of various steroids, and of fluorophoto- 
metric procedures for their measurement in 
extracts of biological materials. Colorimetric 
procedures involving reactions in similar acid media 
(e.g. the Liebermann—Burchard the 
Kober reaction) have found even wider application. 
Such tests have of necessity been devised empiric- 
ally, because the nature of the changes wrought by 
the various acids employed remains unknown. 
Bierry & Gouzon (1936) were the first to perform a 
spectrographic analysis of the fluorescence of 
natural oestrogens in mixed sulphuric and acetic 
acids. Partial studies of the absorption and 
fluorescence spectra of acid solutions of numerous 
other steroids have been carried out, chiefly in 


reaction, 


relation to the development of the fluorophoto- 
metric and colorimetric procedures mentioned 
above (e.g. Umberger & Curtis, 1949; Bates & 
Cohen, 1950a,6; Bompiani, 1951; Braunsberg, 
1952; Goldzieher, Bodenchuk & Nolan, 1952, 1954; 
Diczfalusy, 1953; Sweat, 1954). Many of these 
studies have been made for the purpose of selecting 
the most suitable primary illumination and 
secondary filters for use in the excitation and 
measurement of fluorescence in the various steroid— 
acid reaction mixtures under consideration. Im- 
plicit in this application of the results is the 
assumption that for a given reaction mixture the 
absorption and fluorescence maxima are those of 
a single molecular species. 

There is no evidence 
support this assumption. Indeed, almost nothing is 
known about the number and identity of the 
products resulting from the action of acids upon 
steroids. Zaffaroni (1953) demonstrated the rapid 
formation of a A®* dehydration product when 


available, however, to 


corticosterone was dissolved in concentrated sul- 
phuric acid. However, Neher & Wettstein (1951) 
showed that fluorogenic products could be obtained 
by the action of phosphoric or sulphuric acid on 
other steroids which could not possibly undergo the 
same internal dehydration. 

Zaffaroni (1950) had shown previously that the 
absorption spectrum of any steroid dissolved in 
concentrated sulphuric acid underwent progressive 
change with the passage of time. Umberger & 
Curtis (1949) had demonstrated other changes in 
the absorption spectra, dependent upon the con- 
centration of acid used. Linford and his associates 
(Linford, 1952; Linford & Paulson, 1952; Linford 
& Fleming, 1953), and Dirscherl & Breuer (1954) 
observed other changes in the absorption spectra, 
on dilution of the reaction mixtures with alcohol or 
with water. Linford and his co-workers carried out 
very extensive and detailed studies of the effects of 
time, temperature and dilution, in an effort to 
correlate the wavelengths of absorption maxima 


with molecular structure and configuration of the 
steroids. 

Neher & Wettstein (1951) had found phosphoric 
acid, sulphuric acid and acetic anhydride all 
same 


capable of producing the fluorescence 
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phenomena with adrenocortical steroids on paper 
chromatograms. This seemed difficult to reconcile 
with the findings of several groups of investigators 
(Bompiani, 1951; Braunsberg, 1952; Goldzieher 
et al. 1952) to the effect that concentrated sul- 
phuric acid and concentrated phosphoric acid gave 
different absorption spectra with the same steroid. 
In these comparative studies, however, 85% 
phosphoric acid was used. Axelrod (1953) had 
shown a considerable difference between the spectra 
obtained with concentrated sulphuric and with 
fuming sulphuric acid. Therefore it seemed possible 
that the use of 100% phosphoric acid might yield 
spectra more closely comparable with those ob- 
tained with concentrated sulphuric acid. Nowac- 
zynski & Steyermark (1955) have published detailed 
observations on the absorption spectra of steroids 
in anhydrous phosphoric acid (‘100%’). At the 
time the present work was done, however, their 
publication had not appeared. 

In summary, the observations of the 
workers cited are not in full agreement with respect 
to the structural correlation of the absorption or 
dis- 


many 


fluorescence maxima, to the similarity or 
similarity of action of sulphuric, phosphoric and 
other acids tested, or to the optimum conditions 
for demonstration of the fluorescence properties of 
the various reaction products. On the contrary, 
they demonstrate a remarkably complex pattern 
of chemical behaviour for each steroid tested, such 
that serious doubts arise concerning the specificity 
of the acid-steroid interactions under any one set 
of reaction conditions. 

Because of the potential advantages inherent in 
the great sensitivity of fluorometric methods of 
measurement of steroids, it seemed worthwhile to 
explore further the problem of the nature of action 
of concentrated acids on steroids, and the ab- 
sorption and fluorescence properties of the pro- 
ducts. It was hoped that if the reaction mech- 
anisms could be explained, much greater sensitivity 
and specificity of fluorometric measurement might 
be achieved by purposeful direction of the re- 
action. The results presented here permit a unified 
interpretation of some of the apparently discordant 
observations mentioned above. In addition, they 
have led to a partial fulfilment of the hope for 
improved quantitative fluorophotometry. 


EXPERIMENTAL 
Apparatus 


Absorption spectrophotometry of the various steroid—acid 
reaction mixtures and isolated fractions was carried out 
with a Beckman DU spectrophotometer and with a 
Warren Spectrocord automatic-recording spectrophoto- 
meter (kindly lent by the Fisher Scientific Co., Toronto, 
Canada) incorporating the Beckman quartz optical system 
and an RCA 1 P28 electron-multiplier phototube. 
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Fluorescence-emission spectra were studied by means of 
a spectrofluorometric adaptation of the Beckman Dl 
spectrophotometer (Gornall & Kalant, 1955). The RCA 
1 P28 phototube used in this adaptation is very insensitiy 
to the red end of the spectrum. In order to study fluor. 
escence in the red region therefore use was made of a 
Hilger Medium Quartz spectrograph. The spectra wer 
recorded on Ilford Rapid Process panchromatic plates, 
A General Electric H-85-C-3 quartz mercury arc source was 
employed. Light from the are was directed via a hole in an 
asbestos mask, through an appropriate primary filter, into 
the quartz lens of a standard Beckman fluorescence 
accessory. In this accessory, the incident light is reflected 
upward through the optically polished bottom of a Corex 
fluorescence cuvette. This cuvette shows 50% transmission 
at 300 my, and virtually complete and uniform transmis. 
sion above 340 mp. Fluorescence emitted at 90° to the 
axis of primary illumination passed through the polished 
side of the cuvette directly into the slit of the spectrograph. 
Since no collecting lens was employed, exposure times of 
30-60 min. were width of 0-3 mm. The 
spectrographic plates were scanned in a Leeds and Northrop 
microphotometer with continuous recording attachment, 
in order to obtain density readings at each wavelength. 


used at a slit 


Reagents 
Phosphoric acid. Concentrated orthophosphoric aci 
(sp.gr. 1-75) of AnalaR grade was chilled in ice—water, and 
AnalaR P,O,; was added gradually, with slow swirling, until 
sp.gr. 1-86 was attained. This corresponds to a concentra 
tion of more than 99% H,PO,; 100% H,PO, was not used 
because it crystallizes at room temperature. Although the 
application of heat speeds the solution of the added P,0,, it 
tends to drive off water and forms pyrophosphoric acid. The 
latter was found to give no fluorescence with steroids under 
the conditions of this study. Metaphosphoric acid is 
probably also inactive in this respect, since mixtures of 
meta- and ortho-phosphoric acids, prepared from ice and 
P,O;, were considerably less effective than was pure H,PQ,. 

For convenience, the H,PO, of sp.gr. 1-86, prepared as 
described above, will be referred to as 100%, and dilutions 
will be designated by reference to it. Thus 1 part (by vol.) of 
this acid mixed with 3 parts of water will be considered as 
25% H,PO,. 

Sulphuric acid. Reagent-grade H,SO,, at least 96% 
H,SO,, obtained from Canadian Industries, Ltd., was em- 
ployed without redistillation or other purification. For 
convenience, this will also be referred to hereafter as 100% 
H,SO,, and dilutions prepared from it will be designated in 
the same manner as the dilutions of H,PO,. 

Alcohols. Absolute methanol and ethanol were twice- 
distilled before use, the first distillation being done over 
2:4-dinitrophenylhydrazine. 

Dichloromethane. Technical-grade dichloromethane (Dow 
Chemical Co.) was purified by fractional distillation. The 
fraction of b.p. 40-1° was used. 


Absorption spectra of steroids treated with 100% 
phosphoric and sulphuric acid 


Samples of various steroids in methanolic solution, 
ranging from 50 to 100 ug. in amount, were measured into 
individual Pyrex reaction tubes with ground-glass stoppers. 
They were evaporated to dryness in an oven at 100°. Each 
dry residue was redissolved in 0-1 ml. of absolute ethanol. 
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For H,SO,-chromogen curves (Zaffaroni, 1950), 4 ml. of 


100% sulphuric acid was added to each sample and mixed 
thoroughly. The stoppered tube was left in the dark for 
2hr., after which the contents were transferred to a 
Beckman quartz cuvette of 1 cm. light path for absorption 
spectrophotometry. 

For H,PO,-chromogen curves, 4 ml. of the specially pre- 
pared 100% H;PO, was added to each tube and mixed 
thoroughly. The stoppered tubes, including an acid- 
ethanol blank, were placed in a boiling-water bath, in the 
dark, for exactly 5 min. The contents of each tube were 
mixed a second time during the first minute of heating, 
when the viscosity of the acid had decreased greatly. After 
heating, the tubes were transferred at once to a cold-water 
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bath until their contents were at approximately room 
temperature. Heat was used for the H,PO,-chromogen 
curves because no reaction was found to occur in several 
hours at room temperature. Five minutes was selected as 
the optimum time of heating, on the basis of preliminary 
trials with periods of from 2 to 30 min. The absorption 
spectra obtained in H,PO, in this way were found to be 
stable for at least 24 hr. (Kalant, 1954). 


RESULTS 


In Fig. 1 are shown typical absorption spectra 
obtained by the use of sulphuric and phosphoric 
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Comparison of absorption spectra of steroids dissolved in concentrated H,SO, (@) and in 100% H,PO, (m). 


(a) Corticosterone; (b) hydrocortisone; (c) cortisone; (d) 11-deoxycorticosterone; (e) aldosterone; (f) 17-hydroxy-11- 


deoxycorticosterone. 
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vessels and left in the dark at room temperature 


corticosterone and hydrocortisone the curves in the 
two acids are almost identical in form. With 
cortisone there is partial resemblance of the two 
curves; with aldosterone and 17-hydroxy-11- 
deoxycorticosterone almost none. 

These results do not clearly show the essential 
similarity or dissimilarity of action of sulphuric and 
phosphoric acids on steroids. The fact that the two 
acids yielded practically identical absorption 
spectra in some cases, made it unlikely that their 
actions were basically different. The instances in 
which corresponding absorption spectra in the two 
acids were partially or entirely dissimilar might 
conceivably be explained on the basis of different 
degrees of reactivity of the two acids towards some 
of the steroids. Therefore some effects of time and 
temperature on the 
were studied, as described in the next section. 


steroid—chromogen curves 


Effects of time and temperature on absorption 
spectra of steroid—acid reaction mixtures 
Samples of various steroids were treated with 
100% sulphuric acid as described above. Ab- 
sorption spectra were studied at 2 and 4 hr. The 
samples were returned to their respective reaction 
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Fig. 2. Effect of time on absorption spectra of steroids 


dissolved in concentrated H,SO,. (a) Cortisone, obser- 


vations made after 2 hr. (™) and 24 hr. (@); (b) 3:17«- 
dihydroxyallopregnane-11:20-dione, observations made 
after 2 hr. (™) and 96 hr. (@) at room temperature. 
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for varying lengths of time, after which the 
absorption spectra were again measured. The 
hydrocortisone curve showed no appreciable change 
from 2 to 24 hr. In the same interval the cortisone 
curve showed marked change, coming to resemble 
much more closely the curve obtained in phos- 
phorie acid (compare Figs. le and 2a). Between 2 
and 96 hr. the curve for corticosterone showed only 
some minor changes in the relative heights of the 
various absorption peaks, with some further 
resolution of the shoulder at 320 my and a shift of 
the 460 my peak to 445myp. During the same 
interval the 3:17«-dihydroxyallopregnane-11:20- 
dione spectrum considerable change 
(Fig. 2b). 

Duplicate samples of 17-hydroxy-11-deoxycorti- 


showed 


costerone were treated with sulphuric acid at 
different temperatures. One was left at 25 


throughout. The other was placed in a boiling- 
water bath for 10 min., then cooled rapidly to 
25°. The absorption spectra were compared after 
2 hr. The sample which had been heated was left in 
the dark at 25° for a further 120 hr., after which its 
absorption spectrum was again measured. All 
three curves are shown in Fig. 3. It can be seen 
that heating at 100° produced marked changes in 
both the heights and the locations of all the 
principal absorption maxima. These changes pro- 
gressed only slightly in 5 days more at room 
temperature. 

Samples of cortisone, hydrocortisone, aldosterone 
and corticosterone were also treated with 100% 
sulphuric acid at 100° for 10 min., as described 
above. The absorption curves of the heated reaction 
mixtures are shown in Fig. 4. With cortisone, a 
completely new and quite marked absorption 
maximum appeared at 375 mp. A new maximum 


appeared at 320-325myz in the hydrocortisone 


0-75 
0-50F- 


0-25 


300 400 500 600 
Wavelength (mz) 


Fig. 3. Effects of heat and time on the absorption spectrum 
of 17-hydroxy-11-deoxycorticosterone in concentrated 
H,SO,: 2 hr. at 25° (@); 10 min. at 100° followed by 
110 min. at 25° (m); 10 min. at 100° followed by 120 hr. 
at 25° (A). 
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curve and the previously existing maxima de- 
creased in height, merging into a higher base-line of 
non-specific absorption. The only change in the 
corticosterone curve was the disappearance of the 
shoulder at 320 my so that the curve came to 
resemble that obtained in phosphoric acid (ef. 
Fig. la). With aldosterone, suggestions of two new 
maxima appeared at 245 my and at 370 my, so 
that this curve also bore more resemblance to that 
obtained in phosphoric acid. This effect of heat on 
the aldosterone-chromogen spectrum is similar to 
that reported by Simpson et al. (1954), who heated 
the aldosterone-reaction 
period and obtained an 
resembling even more closely that obtained in 
phosphoric acid (Fig. le). 

Samples of progesterone and of allopregnane- 
3:20-dione were dissolved in concentrated sul- 


mixture for a 
absorption 


longer 
spectrum 


phuric acid at room temperature, and the ab- 
were measured after 


sorption spectre 2hr. The 





300 400 500 600 
Wavelength (mz) 


Fig. 4. Absorption spectra of steroids dissolved in concen- 
trated H,SO, after heating for 10 min. at 100°. Cortisone 
(@); hydrocortisone (O); corticosterone (@); aldo- 
sterone (4). Compare with Fig. 1. 
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Fig. 5. Effects of heat and time on absorption spectra of 
steroids dissolved in concentrated H,SO,. Progesterone 
(4); allopregnane-3:20-dione (@). Continuous line, 
spectrum after 2 hr. at 25°; broken line, spectrum after 


10 min. at 100°. 


STEROID FLUORESCENCE IN CONCENTRATED ACIDS 





83 


solutions were then heated to 100° for 10 mins and 
the spectra were measured again. Heating pro- 
duced a marked effect in both cases (Fig. 5), 
especially upon the progesterone spectrum. in 
which the single peak at 290 my was resolved into 
two widely separated and lower maxima. 


Effects of dilution on steroid—chromogen spectra 

Phosphoric acid reaction mixtures were pre- 
pared with cortisone, hydrocortisone, cortico- 
sterone, 17-hydroxy-11-deoxycorticosterone, aldo- 
sterone, oestriol and testosterone in the following 
manner. For each steroid, a set of five equal 
samples were measured into separate tubes, dried 
and redissolved in ethanol as described previously. 
To one tube of each set was added 0-5 ml. of acid 
and, to each of the remaining tubes, 1 ml. instead 
of the usual 4ml. After the heating period, the 
volume in each tube 4ml. with 
suitable amounts of phosphoric acid and water, 
that the final each 
series of five tubes were 100, 75, 50, 25 and 12-5 %. 
The absorption spectra were studied by com- 
parison with acid—water blanks of corresponding 
acid concentration. Some of the results are shown 
graphically in Fig. 6. 

With all the corticosteroids and testosterone, 
reduction of the final acid concentration led to a 
shift of the principal absorption 
maximum from 290 to 300 my towards the position 
at 240-245 mp, which is characteristic of com- 
pounds containing the A‘-C-3 ketone grouping. 
Dilution of the oestriol solution led similarly to 
maximum at 


was made to 


such acid concentrations in 


progressive 


a suppression of the absorption 
360 my and corresponding augmentation of that 
at about 265 mp. 

The behaviour of the maxima at higher wave- 
lengths was quite varied and unpredictable. Thus 
the maxima at 360-370 my shown by cortisone and 
aldosterone in 100% phosphoric acid simply dis- 
appeared on dilution. With and 
hydrocortisone, the maxima in the blue and near 
ultraviolet disappeared on dilution, but a new 
plateau appeared in the region of 300-360 my. The 
peaks at 495 and 380 my in the testosterone 
chromogen spectrum shifted to slightly shorter 


corticosterone 


wavelengths on dilution to 50% acid concentra- 
tion, and a high new peak appeared at 595 mp. 
On further dilution these all disappeared, and 
a new low peak at 350 my was detected (Fig. 6d). 
Again, the 460 and 500myz in the 
oestriol spectrum showed sharp increases on 
moderate dilution, and then decreases on further 


peaks at 


dilution. 
The effects with the 
absorption spectra of steroids dissolved in concen- 


of dilution water upon 


trated sulphuric acid were observed in the same 
Fig. 


manner. As _ illustrated in 7, progressive 


6-2 
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dilution produced sequences of change in the ab- 
sorption spectra, quite comparable with those 
observed for the same steroids in phosphoric acid 
solution. Similar observations were made by 
Linford & Paulson (1952) and by Linford & 
Fleming (1953) on dilution with ethanol. 

Similar changes occurred on dilution of heated 
sulphuric acid-reaction mixtures. Aldosterone, for 
example, after being heated with 100% sulphuric 
acid for 15 min. at 100°, was diluted with an equal 
volume of absolute ethanol. The resulting changes 
in absorption spectrum included a decrease in 
height of the original maximum at 290 my, and the 
resolution of a new maximum at 350 mu. 


Effects of steroid concentration on 
steroid—chromogen spectra 
The effect of relatively large variations in the 


concentration of steroid upon the absorption 
spectra of undiluted and diluted reaction mixtures 
was studied in the following manner. Into two 
reaction tubes were placed 2 and 0-2 mg. of corti- 
costerone. The dried steroid samples were each 


treated with 4 ml. of concentrated sulphuric acid, 


0-75 
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Fig. 6. 


(6) cortisone; (c) oestriol; (d) testosterone. 
and 25% (A). 
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so that the concentrations of steroid in the reaction 
mixture were 500 yg./ml. (solution I) and 50 yg./ml. 
(solution IT) respectively. After 2 hr. in the dark at 
room temperature, solution I was diluted to 40 ml. 
with concentrated sulphuric acid, so that the con- 
centration of steroid or steroid derivatives was also 
equivalent to an initial value of 50 »g./ml. Portions 
(1 ml.) of solutions I and IT were then diluted to 
4 ml. with appropriate amounts of water and acid 
to bring the final acid concentrations to 25, 50, 75 
and 100% (v/v). The absorption spectra were 
determined by comparison with corresponding acid- 
water blanks. 

The experiment was repeated with hydrocorti- 
sone and with cortisone. In all cases, the ab- 
sorption spectra of corresponding dilutions made 
from solutions I and II were observed to differ 
somewhat, although the extents of observed 
differences varied from one steroid to another, and 
from one final dilution to another for each steroid. 
Some of these slight differences are illustrated in 
Fig. 8. These results, indicative of a small but 
definite effect of the steroid concentration upon the 
reaction pattern, are discussed later. 
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Effects of dilution with water on absorption spectra of steroids dissolved in 100% H,PO,. (a) Corticosterone; 
Final acid concentrations indicated are 100% (O), 75% (@), 50% (f) 
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7. Effects of dilution with water on absorption spectra 
of steroids dissolved in concentrated H,SO,. (a) Corti- 
costerone; (b) cortisune; (c) hydrocortisone. Final acid 
concentrations indicated are 100% (O), 75% (@), 50% 
(mM) and 25% (A). 


Fig. 


Fluorescence properties of steroid—acid 
reaction mixtures 


In the qualitative fluorescence test described by 
Neher & Wettstein (1951), all the physiologically 
active adrenocortical steroids then known were 
found to give distinctive colours of fluorescence, 
whether the acid employed was phosphoric or sul- 
phuric acids or acetic anhydride. Linford & Paulson 
(1952) demonstrated complex fluorescence spectra 
for a number of different steroids, including 11- 
deoxycorticosterone in concentrated sulphuric acid 
solution. However, Finkelstein (1952) and Sweat 
(1954) were able to measure appreciable fluor- 
escence in solution, by their respective methods, 
only with corticosterone and hydrocortisone. 

In view of the marked influence on absorption 
spectra exerted by such factors as temperature, 
time and dilution, as shown in the preceding 
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sections, it seemed possible that the differences in 
fluorescence behaviour of steroids encountered by 
the various authors cited, might be due to these 
same factors. 

Phosphoric acid—chromogen solutions were pre- 
pared as already described from samples of various 
steroids. Each was viewed under these different 
types of illumination: (1) Mercury are lamp 
(General Electric H-100-SP-4), and Corning 5874 
filter (chiefly 365 my). (2) Mercury are lamp and 
Corning 9863 filter (broad band including the 302, 
313 and 365 mp mercury lines). (3) Mercury arc 
lamp and Corning 5113-3389 filter combination 
(chiefly 436 my). (4) Tungsten lamp and Evelyn 
490 mp narrow-band pass filter. (5) Tungsten 
lamp and Evelyn 570 my narrow-band pass filter. 
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Fig.8. Effects of steroid concentration on absorption spectra 
in H,SO,. Initial concentration of steroid in concentrated 
H,SO, was either 50 ug./ml. (O) or 500 ug./ml. (@). For 
spectrophotometric study, the 500 yg. ml. solutions were 
diluted tenfold with acid, then both solutions were 
diluted with water to the final acid concentrations 

indicated. (a) Corticosterone in 75% H,SO,; (b) corti- 

sone in 100% acid; (c) hydrocortisone in 25% acid. 
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After 


steroid—chromogen 


completion of these observations, the 
solutions were diluted by 
addition of sufficient water to lower the final acid 
concentration to 90%, and viewed again under the 
various types of illumination. The solutions were 
diluted again repeatedly, lowering the acid concen- 
tration by similar successive stages, with re- 
examination under the illuminations at 
Some of the results are summarized in 


various 
each stage. 
Table 1 

Similar sequences of fluorescence change were 
observed on dilution with absolute ethanol instead 
of water, although the intensity of fluorescence in 
general appeared weaker than when water was 
used. Also the degree of dilution at which each 
change occurred was not the same in the ethanol 
the water series. Sulphuric acid— 
chromogen solutions showed comparable behaviour 
when treated in the same manner. 

The effect of extreme dilution was tested with 
a solution of 1 mg. of corticosterone in 1 ml. 
concentrated sulphuric acid. After 3-5 hr. at room 
temperature the solution had an intense orange— 
red colour and showed strong green fluorescence 


series as in 


Table 1 


Steroid 302, 313 and 365 my 


Faint blue—white in 
100 % acid. Turns 
green below 50% acid, 
and grows progres- 
sively more intense 


Weak yellow—white in 
100% acid, turning 
yellow-green and be 
coming brilliant with 
high dilution 


Moderate blue in 100% 
acid, fading on dilu- 
tion below 70% acid 


Corticosterone 


Hydrocortisone 


Cortisone 


None 


17-Hydroxy-11- 
deoxycorticosterone 


Weak mauve in 100% 
acid, turning yellow 
and more intense on 
dilution below 50% 


Deoxycorticosterone Mauve in 100% acid, 


turning yellow at 
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Primary illumination 


436 mp 
Brilliant yellow-green 
% acid, fading 
out on dilution below 
50% acid 


in 100° 


Strong green fluor- 
escence, fading on 
dilution, disappearing 
below 50% acid 


Weak greenish yellow 
in 100% acid, fading 
on dilution 


Moderate greenish 
yellow, disappearing 
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under 436 my illumination. Under the 9863 
filter it showed a relatively weak greenish white 
fluorescence. The solution was chilled in ice—water | 
and diluted with ice-cold water. At 25 % acid con- 
centration, the solution assumed a purple colour, 
with intense mustard-yellow fluorescence under the 
9863 filter, and none under the 436 my light. At 
10% acid concentration the solution became pale 
orange-yellow in colour, and showed a brilliant 
green fluorescence under the 9863 filter. This visible 
colour and green eneene persisted despite 
further dilution down to 0-5 % acid concentration. 
This solution in very dilute acid was then 
neutralized by gradual addition of sodium hydr-. 
No change occurred in either the visible 





oxide. 
colour or the fluorescence properties. 

A more precise and quantitatively valid exami- 
nation of the steroid—chromogen solutions was 
undertaken by means of spectrophotometric and 
spectrographic analysis of their fluorescence. For 
this purpose, replicate samples of each steroid 
were treated with 100% phosphoric acid and sub- 
sequently diluted to the same final volume with 
varying proportions of acid and water as described 


Effects of dilution on visible fluorescence of steroid—phosphoric acid reaction mixtures 


490 mp 
Same as 436 my 


570 mp 
Weak red, fading 
progressively on 
dilution 


Faint orange in 
100 % acid, fading 
on dilution 


Same as 436 my 


None None 


Orange in 100% 
acid, fading on 
dilution 


Same as 436 mp 


Orange in 100% 
acid, fading on 


Same as 436 my 


50% and green at on dilution below dilution 
25% 50% acid 
Aldosterone None None None None 


Oestriol Pale yellow, turning 
green and much more 


intense on dilution 


Testosterone Faint whitish green, 
turning to strong 
green on dilution 


> ,r 5H°O 
below 50% 


Progesterone 


None 


Strong green, 
progressively on 
dilution 

Bright green, dis- 
appearing on dilution 
below 50% 


Weak yellow-green, 
fading on dilution 


Orange-red, fading 
on dilution 


fading Strong orange, 
fading out on 


dilution 


Red, fading on 
dilution 


Same as 436 my 


Same as 436my None 


. 
| 
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previously, so that fluorescence intensity measure- 
ments could be compared. The results, some of 
which are shown in Figs. 9 and 10, indicated that 
the colours of fluorescence seen visually were in 
most cases composite colours resulting from the 
blending of two or more fluorescence bands, and 
that the changes resulting from dilution were 
produced in part by alterations in the relative 
heights of these bands. 

A mixed sample, of approximately 100 yg. each 
of cortisone and of hydrocortisone, was used to 
prepare a sulphuric acid—chromogen solution as 
described. Its fluorescence was examined spectro- 
graphically, under primary illumination with the 
365 mp mercury line. As seen in Fig. 11, a com- 
posite spectrum was obtained, which appears to be 
a qualitative fusion of the separate spectra of the 
two steroids. This will be discussed below. 


Isolation of products from reaction mixtures 


Cortisone. Cortisone (2 mg.) was dissolved in 
Iml. of concentrated sulphuric acid at room 
temperature, and left in the dark for 2 hr. It was 


S 
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Fig. 9. Effects of dilution on fluorescence spectra of 


steroids dissolved in 100% H,PO,. (a) Corticosterone; 
(b) cortisone. Measured in spectrofluorometric adapta- 
tion of Beckman DU spectrophotometer. Reaction 
mixtures were diluted with water to final acid concentra- 
tions shown: 100% (@); 75% (m™); 50% (A). Excita- 
tion with 365 mp source. 
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then placed in a refrigerator at 4° and diluted to 
200 ml. by dropwise addition of cold water over a 
period of 12 hr. The absorption spectrum, obtained 
by comparison with a sulphuric acid blank treated 
in the same manner, showed complete reversion to 
the typical pattern of a free corticosteroid, i.e. a 
single peak at 245myp. From the height of this 
peak the solution was calculated to contain 1-98 mg. 
of steroid, accounting for practically all the corti- 
sone originally used. 

The weakly acid solution was extracted with 
dichloromethane and the extract chromatographed 
on paper by the method of Bush (1952). Four 
separate zones on the chromatograms were located 
by ultraviolet contact photography (Fig. 12). A 
zone in the running position of cortisone appeared 
to contain about 100-150 pg. of material. Another, 
about equal in amount, remained at the starting 
line, suggesting that the material was of a very 
polar nature. A third zone, appearing to contain 
approximately 25yug. of material, had migrated 
about three-quarters as far as the cortisone area. 
Zone X, the fourth and much the largest, was 
rechromatographed by the method of Zaffaroni, 
Burton & Keutmann (1950). In addition to zones 
X-l and X-2 (Fig. 12), it yielded a third zone which 
did not absorb ultraviolet illumination of the wave- 
length used for photography, but gave a mauve 
fluorescence under 365 my illumination (Fig. 13). 

Each of the zones was eluted and redissolved in 
concentrated sulphuric acid. All the solutions 
showed immediate development of a yellow or 
orange—yellow colour, the speed of appearance 
being in striking contrast with the slow and weak 
colour development in the original cortisone— 
chromogen solution. The absorption and _ fluor- 
escence properties were examined, both in the 
concentrated solutions and after subsequent 
dilution, as already described. The absorption 
spectra of some of these fractions dissolved in con- 
centrated sulphuric acid are shown in Fig. 13. 
None of the absorption curves was the same as 
that of the original cortisone-chromogen solution, 
but all exhibited return of the main absorption 
peak to the 245 my region on redilution of the 
solutions with water. In previous experiments it 
had been found that eluates from blank segments 
of the chromatograms, when treated in the same 
manner, showed only a non-specific absorption 
falling off rapidly from 220 to 250 my. Therefore 
such blanks were not used in the present work. 

Hydrocortisone. A similar set of experiments was 
carried out with a solution of 2-4 mg. of hydro- 
cortisone in concentrated sulphuric acid, left at 
room temperature for 4 hr. Dilution of the reaction 
mixture caused disappearance of the typical 
absorption spectrum, but the resulting pattern was 
still different from that of a free corticosteroid. 
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10. Fluorescence spectra of steroids dissolved in H,SO,. Primary radiation from high-pressure mercury arc with 
filters indicated below. Microphotometric tracings of spectrographic plates. (a) Hydrocortisone in concentrated 
H,SO, with Corning 9863 primary filter (—) and Corning 5113 +3389 primary filters (- - -)._ (b) 3:17«-Dihydroxy- 
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There was a sharp maximum at 240 my, and a low 
rounded one at 360 my. If the peak at 240 my is 
considered indicative of a A‘-C-3 ketone grouping, 
its height suggested a total of 2-25 mg. of material, 
or about 94% of the original amount. Chromato- 
graphy of the dichloromethane extract revealed 
five zones: 
hydrocortisone and cortisone, a moderate amount 
of highly polar material remaining close to the 
starting line, and two very dense bands (Y and F1) 
running close behind the solvent front. The more 
rapid of these two zones (FJ) showed a brilliant 
yellow-green fluorescence under ultraviolet illumi- 
nation. Rechromatography of the Y band in 9 
Zaffaroni system yielded two fractions Y-1 and Y- 
(Fig. 12). 

The various fractions were eluted separately with 
methanol and their absorption spectra determined. 
These all showed only a single main peak at 235- 
245 mp, except for that of Fl, which showed also 
a low plateau adjacent to the base of the main 
peak, in the region of 300-360 my, similar to that 
noted on dilution of hydrocortisone—chromogen 
solutions. The methanolic solution of Fl showed 
bright yellow-green fluorescence under 365 mu 
illumination. When the fractions were dried and 
redissolved in concentrated sulphuric acid, they 
showed immediate development of a yellow colour. 
The acid—chromogen absorption spectra of most of 
the fractions showed only a main peak at 285- 
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Fig. 11. Fluorescence spectrum of mixed solution of 
cortisone and hydrocortisone in concentrated H,SO,. 


Corning 9863 primary filter. Microphotometric tracing 


of spectrographic plate. 


minute amounts in the positions of 
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295 my, but the spectra obtained from the Fl and 
Y-1 fractions were exceptions, and are shown in 
Fig. 13 

The solution of Y-1 in concentrated acid showed 
a moderately intense blue fluorescence 
365 my illumination. The solution of Fl showed a 
dull yellowish white under 365 mp 


under 


fluorescence 


(a) (b) (c) 








Fig. 12. Products isolated from diluted steroid—H,SO, 
reaction mixtures. Ultraviolet contact photographs of 
paper chromatograms. (a) Dichloromethane extract of 
cortisone-reaction mixture, developed in benzene 
methanol—water system (Bush, 1952); EZ, cortisone; X, 
unknown. (b) Zone X eluted from (a) and developed in 

toluene—propylene glycol system (Zaffaroni et al. 1950); 

X-1 and X-2 obtained. (c) Dichloromethane extract of 

diluted hydrocortisone-reaction mixture, developed in 

benzene—methanol—water system; F, hydrocortisone; EF, 
cortisone; Y, unknown; Fl, zone with intense 

green fluorescence under 365 my illumination. (d) Zone Y 

eluted from (c) and developed in toluene—propylene 

glycol system: Y-1 and Y-2 obtained. 


yellow 
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illumination, and a strong green under 436 mu. 
When this solution was diluted with water, 365 my 
excitation evoked a brilliant yellow-green fluor- 
escence whereas 436 my light caused almost no 
fluorescence at all. This was exactly the same 
sequence of changes as that noted above on 
dilution of the original hydrocortisone—sulphuric 
acid reaction mixture. 


DISCUSSION 


The findings obtained in the first three groups of 


experiments described above appear to support the 
mechanism 
sulphuric and_ phosphoric 
Although the acid—chromogen spectra of some 
steroids in 100% phosphoric and sulphuric acid 
differ rather widely, some of the other steroids 
tested show close agreement between their corre- 
sponding spectra in the two acids. The changes in 
the sulphuric acid—chromogen spectra which occur 
with time and with heating tend to decrease con- 
siderably the differences from the corresponding 
Finally, the 
same sequences of change were observed in both 
sets of spectra on dilution of the reaction mixtures 
with water. Phosphoric acid appears to react less 
readily with steroids than does sulphuric acid, as 
shown by the necessity of heating the phosphoric 


concept of a common 


acids on_ steroids. 


phosphoric acid—chromogen spectra. 


acid-reaction mixtures, in order to produce their 
characteristic absorption and fluorescence pro- 
perties. The for differences between 
corresponding sulphuric acid and phosphoric acid— 
chromogen spectra to diminish with time, or on 
heating of the sulphuric acid-reaction mixtures, 


tendency 


suggests that various intermediate 
differing activation energies occur with sulphuric 


Wavelength (mz) 


Fig. 13. Absorption spectra of H,SO,-chromogen solu- 
tions prepared from fractions isolated from steroid—acid 
reaction mixtures: @, Fl; O, Y-1; m, X-1; A, X-2 
(see Fig. 12 for explanation). @--@, Mauve fluorescent 
material obtained from cortisone reaction mixture. It 
does not appear in Fig. 12 (a) because it does not absorb 
ultraviolet radiation of the wavelength employéd in the 
contact photography. 
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of action of 


reactions of 
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acid, whereas the reactions with phosphoric acid 
require higher energy of activation but go at once 
to completion, in so far as this term may be 
applied here. 

The effects which both acids produce in the 
steroid-reaction mixtures are of two types. From 
the observations described above, as well as those 
of Zaffaroni (1953), Linford & Paulson (1952), 
Linford & Fleming (1953), Bernstein & Lenhard 
(1953) and many others, it is clear that steroids 
containing a A‘*-C-3 ketone grouping give rise in 
acid solution to an absorption maximum in the 
region of 290 my. This is based on a reversible 
reaction, because on progressive dilution of the 
reaction mixtures with this maximum 
gradually reverts to the position at 240-245 my, 
characteristic of the free steroids. The fact that the 
same maximum at 290 my in acid solution, and 
reversion to 240-245 my on redilution, was seen 
with the products isolated chromatographically 
from steroid-reaction mixtures, indicates that these 
products retained the A‘-C-3 ketone grouping. 

A similar reversible reaction may be postulated 
for the phenolic C-3 hydroxyl of oestriol, which 
shows an absorption maximum at 360 my in con- 
centrated phosphoric acid, reverting to 270 my on 
dilution. 

In addition to these reversible changes, various 
irreversible ones occur spontaneously, and on 
heating or dilution. The multiplicity of products 
obtained chromatographically from extracts of the 
diluted reaction mixtures is evidence of such 
change. It might be argued that a reversible de- 
hydration reaction could give rise to several 
different products on dilution of the reaction 
mixture. Thus A*1!-11-deoxycorticosterone, ob- 
tained by Zaffaroni (1953) from a corticosterone- 
sulphuric acid reaction mixture, would give rise to 
llx-, 118- and 9-hydroxy isomers if random re- 
hydration were possible. All of these, however, 
should give rise to the original acid—chromogen 
spectrum of corticosterone on being dissolved a 
second time in concentrated acid. In fact, the 
various fractions obtained after dilution did not 
give rise to the original chromogen spectra when 
placed in concentrated acid, indicating that dilu- 
tion of the reaction mixtures had not merely re- 


water, 


versed a previous reaction but had induced new 
irreversible changes. 

The recovery of small amounts of the original 
steroids from their diluted reaction mixtures is 
therefore probably indicative of the relative slow- 
ness of the acid—steroid reaction. Hydrocortisone 
developed its typical acid—chromogen absorption 
spectrum very rapidly, and only minute amounts 
of hydrocortisone were recovered after dilution; 
cortisone developed its chromogen spectrum much 
more slowly, and appreciable amounts of cortisone 
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were recovered after dilution. In both cases, how- 
ever, the other products obtained after dilution 
reacted instantaneously on solution in concen- 
trated acid, indicating that they were indeed quite 
different from their parent steroids. 

Proof of the occurrence of irreversible change 
even before dilution is provided by the demon- 
stration that the green fluorescence of the hydro- 
cortisone—acid solution was due to a stable sub- 
stance, no longer dependent upon an acid medium, 
running chromatographically in a single zone and 
showing its same fluorescence in the dry state or in 
methanolic solution. The exact similarity of 
fluorescence behaviour of the acid solution of this 
material, and of the 
chromogen solution, suggest very strongly that 
this material was present in the latter solution and 
was responsible for its fluorescence properties. 

Any hypothesis concerning the reaction mech- 


original hydrocortisone— 


anism must take into account both the reversible 
and irreversible changes. The A‘-C-3 ketone 
grouping (or the phenolic C-3 hydroxyl of oestriol) 
probably acts as a proton acceptor in strong-acid 
media. The resulting ion could not be capable of 
internal stabilization by association with reactive 
groups such as hydroxyl or keto groups at C-11 and 
C-17, because of the rigidity of the steroid nucleus. 
intermolecular association at such 
reactive positions could occur. In this case it might 
be expected that the concentration of steroid in the 
mixture affect the pattern of 
reaction, and some evidence is available to bear 
this out. As described in the Results section, the 
concentration of steroid during the time of reaction 
with concentrated acid had a demonstrable effect 
on the absorption spectra obtained. Even at the 


However, 


reaction would 


highest steroid concentration employed, however, 
the acid was present in great excess, and can 
probably be regarded as a constant factor. There- 
fore the differences observed appear to support the 
concept of intermolecular reaction between the 
protonated steroid molecules. These postulated 
intermolecular association complexes would pre- 
sumably give rise to stable products by spon- 
taneous degradation, which could be hastened by 
heat or dilution with water. The end products must 
be degradation products rather than polymers or 
other addition products, as shown by their chro- 
matographic behaviour. Moreover, the _ ultra- 
violet-absorption patterns of the fractions obtained 
chromatographically indicate that the protonated 
At-C-3 ketone group must be left intact during the 
degradation reactions. 

Zaffaroni (1953) has suggested that dehydration 
at C-9-C-11 gives rise to a carbonium ion by pro- 
tonation at the unsaturation, analogous to that 
seen with unsaturated hydrocarbons in acid solu- 
tion (Gold & Tye, 1952). The absorption spectrum 
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of the acid—chromogen solution, he suggests, would 
really be that of the carbonium ion. Such a simpli- 
fied generalization fails to account for the behaviour 
of steroids such as 11-dehydrocorticosterone and 
which cannot undergo 
preliminary dehydration. The hypothesis advanced 
above would cover these cases, and seems more 
probable. A study of the reaction of steroids in 
sulphuric acid, by the method of Newman & Deno 
(1951), might help to choose between these hypo- 
theses, by indicating the number of stages in the 
reaction. 

It is clear from the fluorescence behaviour of the 
reaction mixtures examined here that fluorescence 
in acid solution is not a specific attribute of a small 
number of steroids. The specificity described by 
Sweat (1954), Goldzieher et al. (1954) and others, 
related to various substituent groups within the 
steroid molecule, is valid only with respect to the 
reaction conditions described by these authors. 
From the present work it seems probable that under 
suitable conditions a great many steroids are 
capable of yielding fluorescent products in acid. 

It is also evident that the fluorescence of each 
reaction mixture is not a simple monochromatic 
emission, but a complex of two or more fluorescence 
bands which probably derive from different con- 
stituents of the mixture. Since both the absorption 
and the fluorescence spectra are composite, it is 
impossible to correlate the peaks of the one with 
those of the other, as can be done with the spectra 
ofa pure substance. Such correlations, as attempted 
by Bates (1954), Linford (1952) and Aitken & 
Preedy (1953), are evidently fortuitous, and cannot 


11-deoxycorticosterone, 


be generally valid in the selection of optimum 
wavelengths for quantitative fluorometry. This is 
illustrated by the green 
530 my shown by corticosterone solutions in 100 % 
This 
enough to correspond to the re-emission of energy 
absorbed at the 480 mp maximum. However, the 


well fluorescence at 


phosphoric acid. band seems reasonably 


latter absorption peak is abolished by dilution of 
the mixture with 
fluorescence is greatly increased, but is now de- 


reaction water, whereas the 
pendent upon primary illumination of 365 my or 
shorter. This suggests that some of the maxima in 
the absorption spectra are due to products which 
do not fluoresce within the visible range, whereas 
some of the fluorescence bands must correspond to 
structures which do not show specific absorption 
maxima within the range examined, but which are 
nevertheless capable of excitation by non-specific 
absorption of sufficient energy. 

A detailed study has been published recently by 
Linford (1957), in which he has attempted to 
explain all the colour reactions of steroids in strong 
He has 


sought to correlate the spectral-absorption bands of 


acids on the basis of a common mechanism. 
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such reaction mixtures with the presence of specific 
chemical groups in the steroid molecule, and 
concludes that colour and fluorescence are due 
to the formation of charged structures in the 
acid media. The effects of dilution, or of the 
addition of furfural, salts and 
other reagents, would be to extend the charged 


electrophilic 


structures. 

The evidence which Linford has amassed from 
many sources is indeed impressive, and his hypo- 
thesis offers a plausible explanation of the light- 
modifying properties of a given reaction mixture at 
any instant. It fails, however, to offer any explana- 
tion of the changes which occur in each reaction 
mixture with the passage of time. Further, the 
proffered explanation of the effects of dilution is 
inadequate to account for the findings described 
above, e.g. the formation of multiple products on 
dilution of the corticosterone-reaction mixture, one 
of which exhibited the fluorescence properties of 
the original mixture. Finally, the alterations in 
absorption spectra which occur on dilution, as 
reported above, do not support Linford’s inter- 
pretation. Thus he states that dilution shifts 
each absorption band in the near ultraviolet and 
visible regions to a secondary position of longer 
wavelength. Fig. 6 (d) demonstrate 
exactly the opposite trend, all the comparable 
peaks appearing to move to positions of shorter 


seems to 


wavelengths on progressive dilution. 

It seems probable therefore that an explanation 
of all the observed optical properties and chemical 
behaviour of solutions of steroids in strong acids 
requires both Linford’s concept and that advanced 
in the present discussion. 

The mixed emission spectrum obtained with 
cortisone and hydrocortisone in sulphuric acid 
under 365 my illumination (Fig. 11) may possibly 
be explained on the assumption that part of the 
blue fluorescence of the cortisone derivative acts as 
the appropriate primary illumination for the hydro- 
cortisone derivative. However, the fact that com- 
ponents of both emission spectra were present, 
together with the demonstration by Zaffaroni 
(1953) that the absorption spectra are additive, 
indicates that the presence of the two steroids in 
the same reaction mixture does not interfere with 
the characteristic reaction pattern of each. Since 
different acid concentrations and different excita- 
tion wavelengths are required for optimum demon- 
stration of the 
possible that selective suppression of one or other 
fluorescent may be achieved, thereby 
avoiding the risk of mutual quenching or sensitiza- 
If this proves true, it may be possible to 


individual fluorescences, it is 


species 


tion. 
select suitable conditions for fluorimetry of each 
corticosteroid in a mixture without the need of 
previous separation. 
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SUMMARY 


1. Spectrophotometrie and spectrofluorometric 
studies have been made of the reaction mixtures 
obtained by dissolving various steroids in concen- 
trated sulphuric and concentrated phosphoric acids, 
The effects of time, heat and subsequent dilution 
of the reaction mixtures were also studied, with 
respect to the absorption and fluorescence pro- 
An attempt was made to isolate the 
reaction products of cortisone and of hydrocorti- 
sone in concentrated sulphuric acid, and to corre- 
late their light-modifying properties with those of 
the parent steroids. 

2. The mechanism of reaction of a given steroid 
is essentially the same in either acid, differing in 
rate rather than in nature. 

3. Appropriate variations of the time and 
temperature of reaction, and dilution of the reaction 
with water or with ethanol, tend to 
diminish or remove the differences observed in the 
behaviour of any steroid in these two acids. 

4. The absorption and fluorescence spectra of 
each reaction mixture are complex spectra resulting 
from the contributions of two or more reaction 
products in each case. With hydrocortisone, the 
most characteristic fluorescence band is associated 
with a stable product which resists change on 
dilution and can be chromatographi- 
cally. The characteristic fluorescence of 
the cortisone reaction mixture is destroyed by 


perties. 


mixture 


isolated 
blue 


dilution. 

5. The observed changes are tentatively ex- 
plained on the basis of a _ three-stage-reaction 
pattern. Reversible protonation of the A*-C-3 
ketone of corticosteroids or testosterone, or of the 
phenolic C-3 hydroxyl of oestriol, is the first 
step. The protonated steroid is assumed to form 
intermolecular association complexes at reactive 
substituent sites of other steroid molecules. 
These postulated complexes are thought to break 
down irreversibly to yield a series of products, 
via reactions which are markedly affected by 
dilution. 
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Fluorimetric Measurement of Adrenocortical Steroids in 
Concentrated Acid Solution 


By H. KALANT 
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A number of steroids of various types, when dis- 
solved in concentrated sulphuric, phosphoric or 
other acids, exhibit visible fluorescence under 
suitable ultraviolet or visible illumination. This 
phenomenon has been adapted quantitatively for 
fluorophotometric measurement of various oestro- 
genic steroids, and numerous modifications of 
technique have been devised (see review by Bates, 
1954). Very much less attention seems to have been 
directed to the quantitative possibilities of the 
fluorescence shown by adrenocortical steroids in 
acid solution. 





Interest in this phenomenon was revived by the 
finding of Neher & Wettstein (1951) that all the 
physiologically active corticosteroids, when iso- 
lated on paper chromatograms, fluoresce with dis- 
tinctive colours under ultraviolet illumination, 
after the chromatogram has been heated with 
phosphoric or sulphuric acid or acetic anhydride. 
Finkelstein (1952) developed a quantitative fluoro- 
photometric assay for certain corticosteroids dis- 
solved in 85 % phosphoric acid with the aid of heat. 
Sweat (1954) reported a more sensitive method, in 
which the steroids were dissolved in concentrated 
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sulphuric acid at room temperature. Both authors, 
however, found the method to be applicable only to 
corticosterone and 17-hydroxycorticosterone, and 
at a considerably lower level of sensitivity to 11- 
deoxycorticosterone. The colour of fluorescence 
observed in all cases was green. 

In a previous paper (Kalant, 1958) it was shown 
that a considerably wider range of steroids can 
fluoresce when dissolved in concentrated acid, as 
numerous investigators had found previously, and 
that these steroids do in fact fluoresce with different 
colours as reported by Neher & Wettstein (1951). 
These colours were found to be composite, i.e. each 
reaction mixture emitted two or more fluorescence 


bands, the relative intensities of which varied 
according to the temperature, acid concentration, 
primary illumination and other reaction and 


measurement conditions. These findings suggested 
that the high specificity, or conversely the narrow 
range of applicability, of the methods of Finkelstein 
(1952) and of Sweat (1954) might be readily altered 
by simple changes in experimental conditions. The 
present paper describes some of the changes which 


permit the extension of the acid-fluorescence 
method to the measurement of a number of 
steroids other than corticosterone and hydro- 


cortisone. 


EXPERIMENTAL 
Apparatus and materials 


Fluorophotometric measurements were made in a Coleman 
Model 12 Electronic Photofluorometer. The original ultra- 
violet source in the instrument was replaced by a General 
Electric H85C3 mercury-vapour lamp. The jacket of this 
lamp is made of a glass with a high degree of transparency 
to ultraviolet radiation. The transmission properties of the 
various primary and secondary filters employed may be 
found in the catalogue of the Corning Glass Co., 
summarized briefly at relevant points in the text below. 
A specially made adapter permitted the use of 10 mm. x 
150 mm. Pyrex cuvettes, so that 4 ml. samples could be 
used instead of the 8 ml. ordinarily required in the Coleman 
instrument. The reaction vessels were 25 ml. Pyrex test 
tubes fitted with ground-glass stoppers of standard taper. 

A.C.S. H,SO, (Canadian 
Industries Ltd.) was used without further purification. 

Phosphoric acid was AnalaR-grade concentrated ortho- 
phosphoric acid, supplemented with AnalaR-P,O,, to give 
almost 100% H,PO, (sp.gr. 1-86), as described elsewhere 
(Kalant, 1958). For convenience, this is referred to below 
as 100% H,PO,. 

Absolute methanol and ethanol were distilled over 2:4- 


and are 


reagent-grade concentrated 


dinitrophenylhydrazine and then redistilled before use, and 
were stored in dark bottles in the cold. 


Outline of procedures investigated 
Development of fluorescent products from steroids dis- 
solved in concentrated H,SO, was carried out by the 
method of Sweat (1954). The procedure, with 100% H,PO,, 
was essentially the same as that used by Finkelsteii (1952) 
with 85% H,PO,. A detailed study of this latter procedure 
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as applied to oestrogens was carried out by Braunsberg 
(1952), and in the present work many of her observations 
were found to be valid for the measurement of cortico. 
steroids. Essentially the method consists of adding a 
quantity of acid to dry steroid, and heating in a water bath 
at a selected temperature in the dark, for a measured time, 
As shown by Braunsberg (1952), exposure to light during 
the heating period decreases the fluorescence yield, the 
loss being greater the longer the period of heating. 

As described below, optimum results in the fluorophoto- 
metry of hydrocortisone were found with a shorter period 
of heating than that used by Finkelstein (1952) and by 
Braunsberg (1952). It was found, however, that with short 
periods of heating, solution of dry steroid samples in the 
very concentrated H,PO, was incomplete and variable. This 
difficulty was easily overcome by adoption of the following 
procedure. The solution of steroid in methanol or ethanol 
was measured into the reaction tube and evaporated to 
dryness in an oven at 100°. When cool, the dry residue was 
redissolved in exactly 0-05 ml. of absolute ethanol. The 
concentrated acid was then added, and mixed thoroughly 
before heating. This acid is very viscous at room temper- 
ature, but is much more readily pipetted if warmed first. 

Immediately on completion of the measured period of 
heating, the tubes were placed in a cold-water bath. When 
the contents were approximately at room temperature, 
they were transferred to cuvettes for fluorimetry. As shown 
by Bates & Cohen (1950) and by Diczfalusy (1953), the 
intensity of fluorescence is inversely related to the temper- 
ature of the sample; this is a general characteristic uf 
fluorescent solutions (Pringsheim, 1949). However, it was 
not found practicable to cool the samples below room 
temperature, because of the risk of condensation on the 
cuvettes. 


RESULTS 
Influence of initial acid concentration 
Samples of 100% H,PO, were diluted with suff- 
cient water to give a series of acids which were 90, 
77, 56 and 43% (v/v) H,PO,. With each of these 
acids, the fluorescence procedure was carried out as 
described above in ‘Outline of procedures investi- 
gated’, with duplicate samples of 0-35 yg. of hydro- 
cortisone 2l-acetate and a corresponding reagent 
blank. The reaction mixtures were heated in a 
boiling-water bath for 5 min. 
measured with the Coleman B-2 primary filter 


Fluorescence was 


(principal transmission 436 my mercury line) and 
the PC-2 secondary filter (sharp cut-off below 
525 mp), as recommended by Finkelstein (1952). 
The results are given in Table 1. 


Table 1. 


acid on fluorescence of hydrocortisone 21-acetate 


Effect of initial concentration of phosphoric 


Conen. of 


acid Specific Fluorescence 
(%, v/v) gravity (scale reading) 

100 1-86 94 

90 1-74 82 

77 1-60 51 

56 1-39 3 

43 1-27 1 
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These results are in full agreement with those 
found by Braunsberg (1952) when applying the 
reaction to oestrogens. Ethanol was found to 
exert the same effect when it was used as the diluent 


in place of water, which indicates the importance of 


using @ measured and minimal amount of ethanol 
for redissolving the dried steroid residue before 
the addition of acid. 

As described below, it was found advantageous 
in the measurement of certain steroids to dilute 
the reaction mixtures, after heating, with sufficient 
water to bring the final acid concentration down to 
12:5% (v/v). In these cases, dilution of the acid 
before the heating period was found to have the 
same deleterious effect on the 
fluorescence as that noted above. 


Influence of temperature and duration of heating 


A series of equal quantities of hydrocortisone 
acetate and a number of reagent blanks were 
treated with 100% H,PO, as described above, in 
a boiling-water bath at 100°. At intervals of 1, 2, 3, 
4, 5, 10, 20 and 30 min. after immersion in the 
bath, a reagent blank and three reaction mixtures 
were removed and cooled for fluorophotometric 
measurement. Similar experiments were carried 
out at 90°, 80° and 70°, in a thermoregulated bath. 
Fluorometric measurements were made with the 
Coleman B-2 and PC-2 filters. The results of the 
first three experiments are shown graphically in 
Fig. 1. The results at 70° were too erratic to permit 
valid graphic representation. 

The findings were considered indicative of two 
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Fig. 1. Effect of temperature and duration of heating on 


intensity of fluorescence of hydrocortisone 21-acetate in 
100% H,PO,. @, 100°; 0, 90°; A, 80°. Encircled 
points indicate identical triplicate values. 
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processes: one involved in the production of the 
fluorescent material and the other in its destruction. 
The assumed destructive process would appear to 
have a lower rate and a lower thermal coefficient 
than the productive process, since highest results 
were obtained with a heating period of 5 min. at 
100°. 


Influence of oxidizing and reducing agents 


Oxidizing agents are known to be capable of 
destroying the fluorescent products formed from 
oestrogens in concentrated acid (McAnally & 
Hausman, 1954). Because of the possibility that 
the destructive process postulated above might be 
oxidative in nature, the effects of several oxidizing 
and reducing agents on the fluorescence of hydro- 
cortisone in 100% H,PO, and in concentrated 
H,SO, were tested. Saturated KNO, and KCIO, 
solutions, and BaO, in trace amounts, were all 


found capable of preventing or destroying the 


fluorescence. Of the reducing agents tried, 
NaHSO, and 5% Metol (p-methylaminophenol 


sulphate) reagent completely prevented the de- 
velopment of fluorescence. Small amounts of 
FeSO,, however, produced a considerable increase 
in the intensity of fluorescence in H,PO,. An 
increase of over 60 % in fluorescence intensity was 
obtained by addition of 2 mg. of FeSO, to each 
tube; larger or smaller amounts were less effective. 


Comparison of phosphoric acid from 
different sources 

The findings described in the two preceding 
sections were compatible with the assumption that 
some contaminant the H,PO,, 
possibly an oxidizing agent. Therefore the fluoro- 
genic efficacies of H,PO, from several sources were 
compared. These included AnalaR (British Drug 
Houses Ltd.), A.C.S. grade (Fisher Scientific Co.) 
and Erco A.C.S. (Electroreduction Co.) grade acids, 
supplemented as described above with British 
Drug Houses Ltd. Certified, Fisher A.C.S. or 
Baker C.P. grades of P,O;. Considerable differ- 
ences were found. The best results were obtained 
with AnalaR H,PO, supplemented with Fisher 
A.C.S. grade P,O;. With this combination, FeSO, 
produced no increase in fluorescence, which sug- 


was present in 


gests that its previous beneficial effect had indeed 
been due to some protective action against an 
impurity in the acid used. 


Influence of dilution after heating 

The green of 
hydrocortisone in concentrated H,PO, or H,SO, has 
been shown to be due to a stable product which 
continues to fluoresce even after extreme dilution 
of the acid solutions (Kalant, 1958). With such 
dilution, primary illumination of 


fluorescence corticosterone and 


however, a 
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436 myz wavelength or longer becomes progres- 
sively effective in producing fluorescence, 
whereas 365 my or shorter radiation becomes more 
effective. 

The quantitative importance of this change was 
determined in the following manner. Equal amounts 
of hydrocortisone were heated, at 100° for 5 min., 


less 


with 0-5 ml. of 100% H,PO,. After cooling, half 


the samples were diluted to 4 ml. with more of the 
same H,PO,, and the others were diluted with 
water. Each series was read against a correspond- 
ing blank, in the Coleman Model 12 fluorophoto- 
meter, first with the Coleman B-2 primary filter 
and then with the Corning 9863 primary filter 
(broad-band transmission of ultraviolet below 
400 mz). In each case the Coleman PC-2 secondary 
filter was employed. The results are shown in 
Table 2. 


The influence of dilution on the fluorescence of 


hydrocortisone in H,SO, was also tested. To each 
of a series of 0-1 pg. samples of hydrocortisone was 
added 0-05 ml. of absolute ethanol, followed by 
Iml. of concentrated H,SO,. After thorough 
mixing of the contents the reaction vessels were 
left in the dark at room temperature for 1 hr. The 
mixtures were then diluted to 4 ml. with appro- 
priate amounts of H,SO, and water to give the 
final acid concentrations shown in Table 3. Each 
sample was read in the Coleman fluorophotometer 
with PC-2 secondary filter, compared against an 
acid—water blank of the corresponding composition. 

The anomalous high value in 96 % acid, with the 
9863 primary, is probably due to the fact that con- 
centrated H,SO, itself emits a blue fluorescence 
under this illumination, and the fluorescence serves 
as an additional excitation source for the steroid 
fluorogen. 


Table 2. Effect of dilution on fluorescence of 
hydrocortisone in phosphoric acid 


Final conen. Scale readings 


of acid es 
(%, v/v) B-2 Primary 9863 Primary 
100 75 15 
12-5 4 210 


Table 3. Effect of dilution on fluorescence of 
hydrocortisone in sulphuric acid 


Final conen. Scale readings 


of acid - ——— - 
(%, v/v) B-2 Primary 9863 Primary 
96 48 28 
72 24 4 
48 26 12 
24 8 26 
12* 4 50 


* Reaction was carried out with 0-5 ml. of conc. H,SO, ; 
final dilution to 4 ml. was made with water. 
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Routine procedures for measurement of 
hydrocortisone and corticosterone 


In view of the observations described in the 
preceding sections, the following procedure was 
adopted for routine work. A sample of solution or 
extract, known or estimated to contain from 0-05 
to 0-35 ug. of corticosterone or hydrocortisone, is 
evaporated to dryness in a glass reaction vessel. 
Absolute ethanol (0-05 ml.) is added, and the tube 
rotated so that the steroid residue is thoroughly 
wetted by the alcohol. 

For the H,SO, reaction, concentrated H,SO, is 
added to a total volume of 4ml., followed by 
thorough mixing and storage in the dark at room 
temperature for 1 hr. The mixture is transferred to 
a cuvette and read against an acid blank in the 
fluorophotometer, the B-2 and PC-2 filter system 
being used. 

For the H,PO, reaction, 0-5 ml. of the 100% 
H,PO, is used; after thorough mixing, the stop- 
pered vessel is heated in a boiling-water bath in a 
dark room, for The reaction mixture is 
cooled immediately in a running-water bath, 
water is added to a total volume of 4 ml., and after 
thorough mixing, the contents are transferred to a 
cuvette. When at room temperature, and free of 
bubbles, the solution is read in the fluorophoto- 
meter against a corresponding water-acid blank, 
with the Corning 9863 primary filter and Coleman 
PC-2 secondary filter. Fig. 2 shows a standard 
graph for hydrocortisone prepared in this manner. 
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Fig. 2. Standard graph for fluorophotometric measure- 
ment of hydrocortisone by phosphoric acid reaction. 
Final vol. 4 ml.; final acid concentration 12-5%. Corning 
9863 primary filter, Coleman PC-2 secondary filter. 
Encircled points indicate identical replicate values. 
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Routine procedures for cortisone and aldosterone 


H,SO, or 
H,PO, to give a product with visible blue fluor- 


Cortisone reacts with concentrated 
escence under near-ultraviolet illumination (Kalant 
1958). This product disappears on dilution of the 
reaction mixture with either water or ethanol. 
Therefore for the measurement of cortisone, the 
reactions are carried out in the same manner as 
described above for hydrocortisone except that the 
H,PO, reaction mixtures are made to 4 ml. with 
concentrated acid just as in the H,SO, procedure. 
For fluorophotometry, the Coleman B-1, PC-1 
filter system is used. The B-1 primary filter trans- 
mits chiefly the 365 my mercury line, whereas the 
PC-1 secondary filter transmits everything above 
420 mp. Although the Corning 9863 filter would 
pass more of the 365 my line, its transmission range 
overlaps the lower part of the range of the PC-1 
filter and readings are therefore impossible. This 
fact limits the sensitivity of the method as applied 
as shown in the accompanying 
standard graph (Fig. 3). 


to cortisone, 


When solutions of aldosterone in concentrated 
acid are heated and then diluted with water or 
ethanol, they exhibit absorption and fluorescence 
spectra similar to those of undiluted cortisone 
reaction mixtures. For routine purposes, the sample 
is most conveniently treated with 2 ml. of concen- 
trated H,SO, in a water bath at 100° for 15 min., 
cooled to room temperature in running water and 


diluted to 4ml. with water or ethanol. Fluoro- 


system as for cortisone, with quantities ranging 


from 0-1 to 1-0 ng. of steroid. This procedure has 
not been as well explored as that described for the 


Scale reading 


0-5 2 3 
Cortisone (g.) 


photometry is carried out with the same filter 


Fig. 3. Standard graph for fluorophotometric measure- 
ment of cortisone by phosphoric acid reaction. Final vol. 
4ml.; acid concentration 100%. Coleman B-1 primary 
and PC-1 secondary filters. 
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other steroids, and it is possible that different 
conditions of heating and dilution may give still 
greater sensitivity of measurement. 


Deoxycorticosterone and other corticosteroids 
For the purposes that prompted the present 


work, it was not necessary to devise routine 
methods for the fluorophotometric estimation of 
deoxycorticosterone, 17-hydroxy-11-deoxycortico- 
sterone or 11-dehydrocorticosterone. However, the 
methods described above can be extended to the 
measurement of these compounds and numerous 
others. For example, deoxycorticosterone in con- 
centrated H,SO, was found to exhibit moderately 
strong fluorescence bands centred at about 410, 
580 and 650 mp when exposed to near-ultraviolet 
illumination. When diluted with water to 50% 
acid concentration, the solution shows a consider- 
able decrease in the blue fluorescence, but a marked 
increase in the green band, elicited easily with either 
the 365 or the 436 mp mercury line. Fluorescence 
could therefore be measured either with the B-1 
primary filter and a 405 or 410 mp» interference- 
type secondary filter, in concentrated acid, or with 
the B-2/PC-2 or 9863/PC-2 filter systems after 50% 
dilution. 


DISCUSSION 


The 
measurement of adrenocortical, oestrogenic and 


value of fluorophotometric methods of 
other steroids lies in their simplicity and marked 
sensitivity. Claims have been 
relatively high degree of specificity towards a 
restricted number of steroids. It is clear, however, 
from a number of studies (Boscott, 1948; Neher & 
Wettstein, 1951; Linford, 1957; Linford & Paulson, 
1952; Dirscherl & Breuer, 1954; Pontius, Beck- 
mann & Voigt, 1955; Kalant, 1958) that the 
chromogenic and fluorogenic properties of steroids 


also made for a 


treated with concentrated acids result from very 
complex and relatively unspecific reactions. The 
course of these reactions can be profoundly in- 
fluenced by relatively small changes in time and 
temperature of dilution, 
light, amount of trace contaminants and other 
Because of this, a 


react ion, exposure to 


reaction conditions. wide 
variety of reaction procedures can be selected 
empirically, each of which favours a specific steroid 
or class of steroids. This implies equally, however, 
that such specificity is rather precarious, and that 
minor unseen errors of technique may cause con- 
siderable errors of measurement. Strict specificity 
therefore continues to depend more on the methods 
of extraction and isolation of steroids from 
natural sources than on the technique of measure- 
ment employed. 

The most useful development of fluorophoto- 
to be in the 


therefore seems 


Bioch. 1958, 69 


metric analysis 
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direction of extending its applicability as a 
sensitive micromeasurement technique to as many 
steroids as possible. The present work indicates 
some of the possibilities for the measurement of 
adrenocortical steroids other than hydrocortisone 
and There does appear to be 
sufficient difference between the optimum condi- 
tions of measurement for the individual cortico- 


corticosterone. 


steroids to make possible the specific measurement 
of one member of the group in the presence of other 
members (Kalant, 1958). It is clear, however, that 
at least a group-specific extraction procedure is 
necessary. 
Effective 
requires careful attention to the emission pro- 


use of fluorophotometric analysis 
perties of the primary light source, the transmission 
characteristics of the filters the 
spectral response of the photocell, as pointed out by 
various workers (Braunsberg & Osborn, 1952; 
Aitken & Preedy, 1953; Abelson & Bondy, 1955). 
The of these factors will not be 
reviewed here, but attention is drawn to the fact 


and relative 


significance 


that the fluorophotometer and filters employed in 
this work were used because they were available to 
the author and not because they are the best suited 
to the needs. The higher sensitivities obtained 
by Sweat (1954) and by Abelson & Bondy (1955) 
the fact that they 
employed instruments incorporating 
electron-multiplier tubes rather than the barrier- 
layer photocell of the Coleman Model 12 fluoro- 
photometer. 


are explained largely by 


Farrand 


The present findings do not indicate any clear 
preference in the choice between sulphuric and 
the reaction. 
Concentrated sulphuric acid of adequate purity 


phosphoric acids for fluorogenic 
is 


obtainable commercially, can be pipetted easily, 





and gives more intense fluorescence than phos- 
phoric acid does. Suitably concentrated phos- 
phoric acid must be specially prepared and is more 
difficult 
activity the reaction products are relatively stable 
for a long period, permitting greater flexibility of 
measurement. In addition, the lower reactivity of 


to handle, but because of its lower re- 


phosphoric acid may contribute somewhat to 
greater specificity by lessening the similarities 
between the groups of fluorescent products derived 
from the various adrenocortical steroids. 
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SUMMARY 


1. Fluorophotometric methods of measurement 
steroids been 
developed, based upon the fluorogenic reaction of 
these steroids with very concentrated phosphoric 
or sulphuric acid. 

2. The influence of initial acid concentration, 
time and temperature of heating, contaminants 
and final dilution with water upon the fluorescence | 
intensity have been studied. 

3. Recommended procedures for the routine | The ster 


of several adrenocortical have 


measurement of hydrocortisone, corticosterone and physiolc 


cortisone are given. cortical 


4. Modifications of procedure are also suggested, | concent: 
to permit the fluorophotometric measurement of physical 


aldosterone, 11-deoxycorticosterone and_ other | they aré 





corticosteroids. separate 

This work was carried out during tenure of a Senior | materia 

Medical Research Fellowship awarded by the National | measure 

Research Council of Canada. such sey 
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A Microdialysis Procedure for Extraction and Isolation of 
Corticosteroids from Peripheral Blood Plasma 


By H. KALANT 


Department of ‘Pathological Chemistry, University of Toronto, Toronto, Canada 


The steroids which have so far been recognized as 
physiologically active constituents of 
cortical secretion are present in extremely low 
concentration in peripheral blood. Since the 
physical and chemical characteristics by which 
they are measured are not specific, it is necessary to 
separate the steroids from the great bulk of other 
materials present in the blood before attempting to 


adreno- 


such separation have been clearly stated by Levy & 
Kushinsky (1954). Some simplification of the 
problem has resulted from the finding that practic- 
ally all the corticosteroids in freshly drawn blood 
are in the plasma (Morris & Williams, 1953; Bush, 
1954). The difficulties, remain 
siderable. 

For large-scale operations, differential solvent- 
extraction procedures, such as the classical method 
of Cartland & Kuizenga (1936), are still probably 
the most satisfactory. A number of methods have 
for 
plasma such as can reasonably be drawn from 
human subjects or large experimental animals. 
Most of these methods are based crude 
solvent extraction, foliowed by isolation and puri- 
fication by means of chromatography on activated 
fluorosilicate (Nelson & Samuels, 1952), silica gel 
(Richards & Sweat, 1953) or charcoal (Levy & 
Kushinsky, 1954). Such methods, as some of the 
authors have mentioned, should not be used with 


however, con- 


been devised use 


on @ 


amounts of plasma smaller than 10 ml., because of 


the risk of serious proportional errors. Moreover, 
there is considerable difficulty in obtaining chro- 
matographic materials of uniform reliability (Eik- 
Nes, Nelson & Samuels, 1953; Weichselbaum & 
Margraf, 1955). 

An important advance in procedure came from 
the discovery by Szego & Roberts (1946) that 
oestrogenic steroids could be separated from both 
| proteins and lipids in one step by dialysis. These 
authors obtained their best results with very 
small quantities of steroid, such as might be en- 
countered in small samples of peripheral blood. 
A later modification of this procedure (Zaffaroni, 
| 1953; Axelrod & Zaffaroni, 1954) improved greatly 
the recoveries of more polar steroids such as the 
ll-exygenated corticosteroids. This improvement 


measure them. The difficulties and objectives of 


with smaller amounts of 


(Received 29 July 1957) 


consisted in diluting the blood or plasma with 
methanol and dialysing against a two-phase outer 
layer of aqueous methanol and chloroform. The 
proportions of methanol and water in the inner and 
outer layers were found to be of critical importance 
to the speed and completeness of dialysis. The 
chloroform, by the 
steroids from the outer methanol layer, maintained 
a steep concentration gradient between the inner 
and outer methanol layers. Lombardo, Hudson, 
Mann & Mittelman (1954) substituted dichloro- 
methane for the chloroform, because the former is 


continuous extraction of 


a more specific solvent for the corticosteroids and 
has the advantage 
Extracts obtained by this method are sufficiently 
clean for resolution by paper chromatography 
without further preliminary purification. 

Axelrod & Zaffaroni (1954) and Lombardo e¢ al. 
(1954) obtained practically complete recoveries of 
the more polar corticosteroids by these methods 
from blood samples of 50-100 ml. volume. Because 
of the finding of Szego & Roberts (1946) that best 
results in their work with oestrogens were obtained 
with much smaller samples, this approach seemed 
to offer distinct possibilities for the measurement 
of corticosteroids in the peripheral blood of indi- 
vidual small experimental animals, whose total 
blood volume would not be sufficient for the size of 
sample required by other methods. This paper 
describes a microadaptation of the procedure of 
Axelrod & Zaffaroni (1954), with which it has 
proved possible to measure the concentration of the 
larger corticosteroid fractions in as little as 1 ml. of 
peripheral blood plasma. 


of a lower boiling point. 


EXPERIMENTAL 
Dialysis 


The method of Axelrod & Zaffaroni (1954) could not be used 
directly with very small samples of plasma, since quantities 
of less than 5 ml. of diluted plasma could not be used in a 
conventional dialysis casing without either a serious pro- 
portional loss in handling or poor mixing inside the 
dialysis sac. Therefore a special cell was devised, as 
illustrated in Fig. 1. The cells used in the present work were 
made to special order by the Emerald Glass Co., 544 Rogers 
Road, Toronto 9, Canada. 


bo 
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Each cell consists of three pieces: an outer chamber, an 
inner chamber and a stopper for the inner chamber. They 
All are of 


can be separated easily for cleaning. made 


Pyrex glass, and interchangeable ground-glass joints of 


standard taper are employed at the points of contact. In 
use, the bottom of the inner chamber is covered with a 
sheet of cellulose dialysis membrane (Visking Corp.), held 
tightly in place by loops of white cotton thread, and sealed 
to the glass surface by a thin layer of collodion. (Dr A. G. 
Gornall has employed these cells recently, and advises that 


some brands of collodion cause serious difficulty because of 


solubility in dichloromethane. It is probably advisable to 
test the collodion for this before employing it in the 
dialysis cells.) Several stainless-steel or Monel-metal ball 
bearings, 3s in. in diameter, roll freely on the upper surface 
of the membrane to ensure constant mixing of the contents 
of the inner chamber. 

The 


washed 


membrane and the cotton thread are 
thoroughly in dichloromethane, 50% (v/v) 
aqueous methanol and water, before they are used in the 


dialysis cells. Before the assembled cells are employed they 


cellulose 


are again rinsed thoroughly with water and detergent, 
foliowed by water and finally by 50% (v/v) aqueous 


methanol. They are drained completely, the last drops of 


liquid being removed with a clean fine-tipped Pasteur 
pipette connected to a suction pump. The membrane must 





Fig. 1. extraction cell. 1, 2, Standard 


ground-glass joints; 3, pressure equilization vent; 4, 


Mier« dialysis 


cellulose membrane; 5, capillary spout; 6, 60% methanol 


layer; 7, dichloromethane layer; 8, stainless-steel or 


Monel-metal ball bearings, 3°s in. 
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not be allowed to dry out completely, however, because of 
the risk of splitting. 

In use, 1 ml. of plasma is pipetted into the inner chamber 
directly on to the surface of the cellulose membrane. This is 
followed at once by addition of 2 ml. of 50% (v/v) aqueous 
methanol, after which the stopper is inserted. Gentk 
rocking of the cell causes the ball bearings to mix the 
plasma and methanol, a very fine suspension of denatured 
protein, which forms coarser precipitates only after many 
hours, being produced. In the outer chamber are placed 
10 ml. of 60% (v/v) methanol and 8 ml. of dichloro- 
methane. The dimensions of the cell, designed for thes 
volumes, are such that the plasma—methanol layer in the 
inner chamber is approximately 1mm. thick and the 
surface of the two-phase system in the outer chamber is 
about 2 mm. above the level of the membrane. The tip of 
the drainage spout is approximately 1 em. above this level, 
so that no siphonage occurs through the spout unless the 
cell is deliberately tipped downwards. 

A rack bearing a number of dialysis cells is placed ona 
hammock-like rocking device, which tilts the cells gently 
and slowly from side to side. This movement causes the 
metal ball bearings to stir the plasma mixture constantly, 
and simultaneously mixes the two liquid phases in the 
outer chamber very gently so that no emulsification occurs. 
The 
shielded from direct sunlight or wide variations of temper- 
ature, in order to minimize the tendency to distillation of 
methanol from the inner chamber to the upper portion of 
the cell. After an appropriate period of dialysis (discusse¢ 
below), the dichloromethane layer can be decanted 
through the capillary spout, which serves as a micro- 
separating funnel, and fresh dichloromethane can be added 
through the pressure-equalization vent by means of a 
Successive extracts of each 


rack and cells should be in a cool sheltered spot, 


syringe and a fine needle. 
sample are decanted into the same conical centrifuge tube, 
dried under a stream of N, in a warm-water bath (35°) and 
then redissolved in the minimum amount of absolute 
methanol for quantitative transfer to a chromatography 
paper. 

If the cell is cleaned immediately after use, no protein 
remains adherent to the dialysis membrane and the cell can 
be used a number of times with the same membrane in 
place. When not in use, the cells are stored with water in 
them to prevent drying and splitting of the membranes. 


Paper chromatography 


Several different paper-chromatographic systems are 
available for use with adrenocortical steroids (e.g. Burton, 
Zaffaroni & Keutmann, 1951; Bush, 1952; Pechet, 1953; 
Sakal & Merrill, 1953; Schmidt & Staudinger, 1953), and 
the choice must depend upon the specific requirements of 
the problem under study. In the problem for which the 
present micro-extraction procedure was devised, Bush’s 
(1952) benzene—methanol—water system was the most con- 
venient. The steroids to be measured were conveniently 
separated in a short run, so that ascending chromato- 
graphy could be used. This was found to offer the ad- 
vantages of more compact zones and more uniform move- 
ment of solvent and steroids on the parallel limbs of each 
chromatogram. 

The solvent mixture, benzene—methanol—water (2:1:1, 
by vol.), is placed directly in the bottom of the chromato- 
graphy jar. It separates into an upper benzene-rich phase 
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and a lower aqueous-methanol phase. The paper lining the 
tank extends to the bottom and becomes preferentially 
wetted by the aqueous-methanol phase, thus keeping the 
atmosphere in the jar saturated with the vapours of these 
solvents. Equilibration of the vapour phase with benzene 
can occur directly from the surface of the benzene layer. 
A small window cut in the paper lining the jar permits 
direct observation of the lower part of the jar and its 
contents. 

Whatman no. | filter paper is used, after being cleaned by 
exhaustive capillary washing with benzene for 24 hr., 
followed by 50% (v/v) methanol for 3-4 days. The washing 
procedure is most important for successful quantitative 
work and should be done with small batches of paper so 
that washed papers are not stored for more than a week or 
Lewis (1956) has described a capillary- 
washing ethanolic NaOH. He 
reports that papers cleane’ by his method can be stored 
indefinitely before use in chromatography. For chromato- 
graphy, the paper is cut as shown in Fig. 2. The limbs are 
lem. wide and 36 em. long, and are left joined at top and 
bottom to prevent tangling and cross-contamination during 
handling. Each dialysis extract or reference compound is 


two before use. 


procedure employing 





chromatography of 


ascending 


fig. 2. Apparatus for 
plasma extracts. 1, Adjustable suspension wire passing 
through rubber stopper; din. 
drilled hole for suspension wire; 3, glass suspension hook 
for paper; 4, multiple-limbed chromatography paper; 
), paper lining wall of tank; 6, pencilled starting line; 
7, area of application of sample; 8, solvent mixture. 


2, ground-glass lid with 
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applied to the lower 6 cm. of a separate limb, below the 
pencilled starting line. The various samples are then con- 
centrated at the starting lines of their respective strips by 
means of an adaptation of Bush’s ‘wick method’ (Bush, 
1952). The lower edge of the paper is immersed in a mixture 
of equal parts of CHCl,, methanol and ethyl acetate placed 
in the bottom of a chromatography tank used exclusively 
for this concentration procedure. This mixture is allowed to 
advance by capillary ascent just to the starting line, taking 
about 5 min. to do so. The paper is air-dried for a minute, 
then the preliminary run is repeated in the same manner. 
After three or four such runs, the whole of each sample is 
effectively concentrated in a very narrow band at the 
starting line. The amount of non-steroid lipid material in 
the dialysis extract is usually too small to interfere with 
this preliminary concentration procedure, or with the sub- 
sequent chromatography. With some post-prandial blood 
samples, however, some interference was encountered. This 
was readily overcome by partitioning the dialysis extract 
light 
aqueous-methanol layer was then evaporated, and the 
residue redissolved in methanol for purposes of chromato- 
graphy, as described above. 

Pure samples of the steroids under study are run on each 


between aqueous methanol and petroleum. The 


chromatogram. At least two strips on each chromatogram 
are used for these reference compounds, usually the third 
and sixth limbs of each eight-limbed paper. One or two 
strips are left blank. The paper is suspended in the chro- 
matography tank above the surface of the benzene, and 
left overnight to equilibrate with the vapour phase. In the 
morning, the suspension hook is lowered until the lower 
edge of the paper is immersed to a depth of 1-2 mm. in the 
liquid benzene layer. This is observed through the window 
cut in the lining paper of the tank. It is essential that the 
paper must not reach down into the aqueous-methanol 
layer. At an average room temperature of 25°, 4 hr. is the 
usual length of time taken by the solvent front in climbing 
almost the full length of the free limbs of the paper. 
The paper is then removed and air-dried in a ventilated 
cabinet. 

After chromatography, the individual steroid bands are 
located by ultraviolet contact photography (Bush, 1952; 
Haines, 1952). Depending upon the uniformity and clean- 
ness of the background, as little as 1 yg. of steroid may be 
detected by this means. This amount, however, will seldom 
be obtained from 1 ml. of plasma, so that the positions of 
strips 








the desired zones on the plasma-extract must 
usually be obtained by analogy with the positions of the 
reference compounds. If the solvent fronts are uniform in 
all strips, and the reference compounds are at the same 
level, this procedure offers no difficulties. Repeated trials 
with amounts of hydrocortisone and corticosterone ranging 
from 1 to 10yg./strip showed marked uniformity of R, 
values on the various strips of any one chromatogram, 
regardless of sample size. 


Elution and measurement 


After the desired zones are located by comparison with 
the pure reference steroids, equal segments bearing the 
zones are cut from the chromatogram strips for elution. The 
corresponding segments from the blank strips serve as 
reagent blanks for the subsequent The 
segments from the reference strips serve as controls of the 


measurements. 


recovery from each chromatogram. 
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Capillary elution by the method of Hanes & Isherwood 
(1949), with absolute methanol as the eluent, resulted in 
considerable losses of steroid, which were greater the 
longer the period of elution. This suggested the possibility 
of progressive destruction of steroid by light (Savard, 1954) 
or by high surface exposure to air. When the elution was 
speeded by feeding the methanol on to the paper segment 
through a very fine glass capillary spout under a small head 
I this defect this 
required the use of quantities of methanol as large as those 


of pressure, was remedied. However, 
used for elution by immersion of the paper segments, so 
that the latter procedure was adopted because of its 
simplicity. The methanolic eluates were finally made up to 
suitable volume with more methanol, and samples taken 
for measurement of the steroids by phosphoric acid- or 
sulphuric acid-fluorescence reactions as described elsewhere 
(Kalant, 1958). 


RESULTS 


Preliminary experiments indicated that continuous 
dialysis for 6 hr., with hourly changes of dichloro- 
methane, was sufficient to extract completely 
3-4 ng. of added hydrocortisone from 
the 


The dialysis was 


plasma. In _ practice, however, following 
schedule was more convenient. 
begun at the end of the day, and the first period of 
extraction lasted overnight. After decantation of 
the 


quantity was added and dialysis was continued for 


dichloromethane next morning, a_ fresh 
1 hr. while the first extract was being evaporated. 
This step was repeated once. 

Recovery studies were made of the whole pro- 
cedure, starting with elution of pure steroids from 


filter-paper strips, and then adding one stage at a 


time. In twelve trials recovery of 1—5 pg. samples of 


hydrocortisone, applied to filter-paper strips and 
then eluted immediately, averaged 97 + 2 % (s.z.). 
After 


averaged 97+10% for ten samples of 1 yg., 


recoveries 
but 


Lecovery 


chromatography and _ elution, 
only 75+8% for eight samples of 5 yg. 
of added corticosterone and hydrocortisone, in 
amounts ranging from 0-5 to 1-0yg. in 1 ml. of 


plasma, carried through the whole procedure of 


dialysis. chromatography and elution, averaged 
89+ 11% (twelve experiments). 

The hydrocortisone concentration in femoral 
arterial plasma, as determined by this method in 
ten samples from five normal dogs under light 
Pentothal anaesthesia, was 0-33 + 0-06 yg./ml. No 
constant or significant arteriovenous difference in 
concentration was found; this is in agreement with 
the of Nelson, Willardson & 


Tyler (1951) in human subjects. 


findings Samuels, 


DISCUSSION 


The procedure described above is not a new one in 
principle, as pointed out in the introduction. The 
demonstrates the 
the principle quantitatively to small 


present work possibility of 


applying 


H. KALANT 


lml. of 


195! 


samples of peripheral blood plasma, and _ offex 
convenient apparatus for the purpose. It is not 
offered as an alternative to the method of Nelson § 
Samuels (1952), but as a complementary procedur 
for different situations. In 
permitting the measurement of steroids other than 


use in addition t 
17-hydroxycorticosteroids (if present in sufficient 
amount), it has the advantage of requiring onl 
1 ml. of plasma, an amount obtainable from a 
single rat or guinea pig. Therefore it lends itself to 
metabolic studies in small laboratory animals, for 
which suitable methods have not been available 
hitherto. 

The reliability of this method, however, depends 
upon a series of precautions that must be observed 
the final 
measurement are not strictly specific, the cleaning 


scrupulously. Since techniques of 
of the apparatus and of the paper for chromato- 
graphy, as well as the purification of reagents and 
solvents, are of the utmost importance in order to 
avoid contaminants which exceed the steroids in 
amount. Also the chromatography must give 
fully reproducible results if zones too faint to 
appear on ultraviolet contact photographs are to be 
by with the 
positions of reference compounds. These require- 
that the 
likely to be suitable for routine use on a large scale 


successfully located comparison 


ments are so stringent method is no' 
However, where the means are available to contro 
these factors, and to run simultaneous checks of the 
efficiency of each stage of the procedure in the 
manner described above [cf. study of the Nelson & 
Samuels (1952) procedure by Harwood & Mason 
(1956)], this procedure promises to be useful in 
experimental endocrinology. 


SUMMARY 


1. A method of simultaneous dialysis and ex- 
traction of relatively polar steroids from blood has 
been adapted for use with 1 ml. samples of peri- 
pheral blood plasma. 

2. A special microdialysis cell has been devised 
for the purpose. Details of construction and use of 
the cell are given. 

3. Corticosteroids, extracted from plasma by this 
method, are isolated by ascending chromatography 
on paper, located by ultraviolet contact photo- 
graphy, eluted and measured by a fluorophoto- 
metric procedure. 

4. Recovery of hydrocortisone added to plasma 
in amounts of 1 »g./ml. averaged 89%. Recovery 
of 5 wg. amounts was considerably less satisfactory. 
Hydrocortisone levels in ten samples of femoral 
arterial blood plasma obtained from dogs averaged 
0-33 pg./mal. 

5. The advantages and limitations of the method 
are discussed. 
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The Free Amino Acids in Growing and Non-Growing 
Populations of Escherichia coli 


sy J. 


MANDELSTAM 


National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 21 August 1957) 


It was reported by Taylor (1947) that there were 
no free amino acids in Escherichia coli and other 
Gram-negative bacteria, and this was considered to 
represent a fundamental distinction between them 
and the Proom & 
Woiwod (1949), using the more sensitive method of 


Gram-positive organisms. 


paper chromatography, showed that extracts of 


coliform bacteria contained a large selection of 
amino acids. From the conditions of their experi- 
ments it was difficult to be sure that the 
amino acids they found were not the result of con- 
tamination from the hydrolysed casein of the 
growth medium. 


free 


More recently free amino acids 
have been demonstrated in Gram-negative bacteria 
grown in glucose and ammonium salts, where there 
is no possibility of contamination by the medium 
see Mandelstam, 1955, 1956a; Britten, Roberts & 
French, 1955; Markovitz & Klein, 1955). 

Although it seems likely that the free amino 
aids are on the pathway of protein synthesis 
Britten et al. 1955), there has not yet been any 
letailed study of their behaviour in E. coli. In the 





present paper the level of the free amino acids 
during growth and carbon 
starvation is described. Experiments were done on 
several coliform strains in an attempt to ensure that 


during nitrogen or 


the conclusions should be generally valid and not 
due to the peculiarities of a single strain. 


MATERIALS AND METHODS 


Organisms. A coliform organism called Bacterium cada- 
veris by Gale & Epps (1944) (NCTC 6578) and the following 
strains of EH. coli were used: ML30, K12, NCTC1433, 
ML328c (leucine-requiring), 160-37 (requiring arginine or 
ornithine), NCTC 4139 (proline-requiring). The organisms 
were grown with shaking at 35° in the following medium: 
NH,Cl, 0-5g.; (NH,).SO,, KH,PO,,° 113-6 g.; 
MgSO,, 20 mg.; Fe(NH,).(SO,)2.,6H,O, 15-6 mg.; 
20 g.; water to 1 1. The pH was adjusted to 7-2 with NaOH. 
For the amino acid-requiring strains the medium was sup- 
plemented with L-arginine HCl (100 g./ml.) or pL-leucine 
(300 ug./ml.) or L-proline (150 yg./ml.). The bacteria were 
generally harvested towards the end of the exponential 
phase of growth, when the culture contained about 0-8mg. 


0-5 g.; 


glucose, 
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dry wt. of bacteria/ml. The cells were washed twice with 
0-05M-phosphate buffer (prepared from KH,PO, brought 
to pH 7 with NaOH) and then incubated with shaking in 
the same buffer at 35 
bacterial density of about 1 mg. dry wt. of bacteria/ml. 
Analysis of amino acids. For analysis of the free amino 


under specified conditions at a 


acids a sample of the suspension, 30-40 ml., was removed 
and centrifuged. The supernatant solution was treated 
separately, and amino acids found in it will be referred to 
as the extracellular amino acids. The bacteria were sus- 
pended in 10 ml. of water and heated at 100° for 20 min. to 
liberate the intracellular amino acids. The suspension was 
centrifuged and the clear extract poured off. This extract 
and the supernatant were put on to columns (3 cm.? cross- 
section) of Zeo-Karb 225 (5 mi.) in the H* form. The 
columns were washed with about 50 ml. of water and the 
amino acids were then eluted with an excess (25 ml.) of aq. 
1-5N-NH, soln. The eluates were evaporated to dryness and 
the residue was dissolved in 0-2 ml. of water and transferred 
with two washings of 0-1 ml. to Whatman no. 3 paper. In 
most experiments the chromatograms were developed with 
butanol-acetic acid—water (63:10:27) for 18-24hr. For 
one-dimensional separation of glycine, serine and threo- 
nine, m-cresol—-water was used. Leucine and isoleucine were 
separated from each other with ¢ert.-amyl alcohol (Work, 
1949). Two-dimensional 
Whatman 
butanol-acetic acid—water being used. 


chromatograms were run on 


no. 1 paper, phenol-ammonia followed by 

The amount of amino acid in each spot was determined 
by a method essentially similar to that of Kay, Harris & 
(1956). In our experience the method was 
accurate to within about 10% for amounts of amino acid 


Entenman 


exceeding 10yug.; below this level the error increased con- 
siderably. It was necessary to run standards for every 
estimation because the intensity of the ninhydrin colour 
varied somewhat from day to day. Results are expressed 
as pg. of amino acid/100 mg. dry wt. of bacteria. The total 
amino acid content was obtained by summing the indi- 
vidual fractions. 

The complete isolation and estimation of an amino acid 
was not carried out unless it was necessary for determina- 
tion of specific radioactivity or for some other special 
reason. In general, the one-dimensional chromatogram 
obtained with butanol-acetic acid was used, and the amino 
acids were grouped into several fractions for estimation. 
Two-dimensional chromatograms and the special solvents 
referred the 
following composition. The ‘leucine’ fraction consisted of 
the 
mainly of valine but also contained some methionine; the 


te above showed that these fractions had 


leucine and _ isoleucine; ‘valine’ fraction consisted 


‘glycine’ fraction contained glycine, serine and aspartic 
acid (the last being present in very small amounts in com- 
parison with the other two components); the ‘glutamic’ 
fraction contained mostly glutamic acid and threonine; 
‘tyrosine’ and ‘alanine’ fractions consisted almost entirely 
of tyrosine and alanine but contained small amounts of 
other amino acids which were not identified; the ‘arginine’ 
fraction contained basic amino acids and possibly gluta- 
thione. To avoid confusion, quotation marks will be used 
when referring to a fraction. 

Specific radioactivity of leucine. The specific radioactivity 
of [1-“C]leucine was determined by separating the leucine 
as described above. The radioactivity was measured on the 
chromatogram with the scanning instrument described by 


J. MANDELSTAM 
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Piper & Arnstein (1956), and the amount of leucine was 
then determined by the method of Kay ef al. (1956), 
Radioactive standards containing 25 and 50 yg. of leucine 
were run on each sheet. 


EXPERIMENTAL 
Free amino acids of Escherichia coli 

Extracts from freshly harvested EF. coli yielded at 
least a dozen distinct ninhydrin-reacting spots in 
one-dimensional chromatograms, and more weré 
obtained by two-dimensional analysis. The follow- 
ing amino acids have been identified in wild-type 
strains (ML 30 and 6578): glycine, alanine, serine, 
threonine, aspartic acid, glutamic acid, arginine, 
lysine, methionine, valine, phenylalanine, tyrosine, 

In addition, extracts 
unidentified acids or 


isoleucine, leucine. most 


contained several amino 
peptides. 

Although the same amino acids were found in all 
the strains examined, the relative concentration of 
any particular amino acid not only varied from one 
strain of bacteria to another, but also depended 
upon the stage of growth (see below). Similar 
variations were encountered in the total pool, 
which varied from about 0-25 to over 1% of the 
bacterial dry weight. 

The amino acid content was not significantly 
decreased by repeated washing in phosphate buffer 
or by short periods of incubation in the presence of 
glucose. Analysis of the washings in such experi- 
ments showed that only negligible traces of amino 
acids were being removed. 


Free amino acids during growth 


When E. coli (ML 30) was grown in 500 ml. of 
medium in a 51. conical flask with the normal 
shaking rate of 90 oscillations/min. with a hori- 
zontal excursion of 8cm., growth remained ex- 
ponential until the bacterial density had reached 
I mg./ml. With a horizontal excursion of only 
4 cm. the aeration was insufficient and the growth 
rate began to fall slowly at about 0-3 mg./ml. The 
variation in the intracellular free amino acid of 
such a culture was followed by removing samples, 
each containing 40 mg. of bacteria, and analysing 
Contrary to the findings of 
Dagley & Johnson (1956), no extracellular amino 


them as described. 


acids could be found. 

As growth proceeded the content of intracellular 
free amino acids fell more or less linearly (Fig. 14). 
The relationship between the level of the free 
amino acids and growth was roughly linear as 
shown in Fig. 1(b), where the specific rate of 
growth calculated from the data of Fig. 1 (a) has 
been plotted against the size of the pool, the values 
for the first sample being taken as 100 in both 
cases. An arbitrary measure of the specific growth 
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rate was obtained by calculating the percentage 
increase in unit time at 
growth curve of Fig. 1 (a). 
The proportionality between growth rate and the 

« S 


various points on the 


free amino acid content held also for most of the 
amino acid fractions that were examined: ‘leucine’, 
‘valine’, ‘alanine’ and ‘glutamic’. Exceptions 
were ‘tyrosine’, whose concentration remained un- 
fraction 


the last 


changed throughout, and the ‘glycine’ 
slightly at 


whose concentration fell 


sample. 


800 


400 


Bacterial density (mg./ml.) 


200 


intracellular free amino acids (yg./100 mg. of bacteria) 





100 


75 2 


Rate of growth (arbitrary units) 


0 25 50 75 100 
Intracellular free amino acid (arbitrary units) 


Fig. 1. (a) coli (ML30) 
during growth under sub-optimum conditions of aera- 
tion (see text). @, Bacterial density; O, total intra- 
cellular free amino acids. (6) relationship 
between growth rate and intracellular amino acid con- 
tent in EZ. coli (ML30). Specific growth rate, calculated 
from the data of (a), is plotted against the free amino acid 
content. Values at 1 hr. 25 min. (see a) were arbitrarily 
taken as 100. , 


Free amino acid content of £. 


Linear 
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Maximum content of intracellular free amino acids 


An attempt was made to measure the maximum 
amount of free amino acid that could accumulate 
intracellularly by allowing bacteria to synthesize 
amino acids but not to incorporate them into 
protein. This was done in two ways. The first 
method consisted of incubating wild-type FH. coli at 
1 mg./ml. in the complete growth medium con- 
(20 ng./ml.) to inhibit 
protein synthesis. In the 
amino acid-requiring strain was used, and protein 


taining chloramphenicol 
second method, an 
synthesis was prevented by omitting the essential 
amino acids from the medium. 

Both yielded that 


similar in all respects and a typical example of 


procedures results were 
amino acid accumulation is shown in Fig. 2. At the 
end of 40 min., when the first sample was taken, the 
total intracellular amino acid content had 
from 475 to 710yg./100 mg. and 400 pg./100 mg. 
had been into the external 
Further incubation did not lead to any increase in 
the intracellular but amino 
continued to accumulate in the external medium. 

The behaviour of the various amino acid fractions 


risen 
medium. 


secreted 


amino acids, acids 


closely resembled that of the total amino acid in 
that each had reached its maximum at the end of 
40 min. and did not change significantly during the 
ensuing 2 hr. 


1000 Pi 
800 


600 e 


400 @ 


Free amino acids (ug./100 mg. of bacteria) 


NY 
So 
o 
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Fig. 2. Accumulation of free amino acids under conditions 
of blocked protein synthesis. Arginine-requiring bacteria 
were incubated with glucose and ammonium salts, 


arginine being omitted from the medium to prevent 
Intracellular acids; @. 
extracellular amino acids. 


protein synthesis. amino 
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The fixed levels reached by the total intracellular 


amino acids and of the constituent 


fractions were characteristic of the bacterial strain. 


by each 


In Table 1 the maximum values are shown for four 
strains of bacteria: two wild-type (ML 30 and 
6578) two 
(160—37 and 4139). There is considerable variation 


and amino acid-requiring strains 


between the strains, not only in the total amount of 


amino acid (0-3-1-5% of the bacterial mass) but 


also in the relative distribution of the different 
fractions. 

It is perhaps significant that the strain with a 
very low free amino acid content (6578) grew much 


It had 


a generation time of 90 min., whereas the genera- 


more slowly than any of the other strains. 


tion time for the other strains varied from 55 to 
65 min. 


Effect of azide and of 2:4-dinitrophenol upon the 
level of intracellular free amino acids 
The effect of azide and 2:4-dinitrophenol was 
tested to determine whether normal energy meta- 
Table 1. 


coli to accumulate intracellular free amino acids 


The capacity of four strains of Escherichia 


allowing amino acid 
synthesis from glucose and ammonium salts to proceed for 
160 min. under conditions of blocked protein synthesis. 
The amino acids have been divided into various fractions 


(see Methods). 


Accumulation was caused by 








Amino acid content 
(ug. of amino acid/100 mg. 
of bacteria) 


ML30 = 6578 





Strain 160-37 4139 
Amino acid fraction 
* Leucine’ 33 17 13 16 
‘Valine’ 220 13 165 161 
‘Tyrosine’ 20 34 25 43 
* Alanine’ 440 33 163 250 
‘Glutamic’ 571 81 259 635 
‘Glycine’ 130 93 65 105 
* Arginine’ 135 28 140 166 
lotal 1549 299 830 1376 


Table 2 


J. MANDELSTAM 





bolism was required to maintain the level of the 
intracellular amino acids. 

Washed bacteria (ML 30) were incubated either 
with 1% (w/v) glucose or with 1% (w/v) glucose 
and inhibitor. The final concentration of sodium 
azide was 12 mM and that of the dinitrophenol was 
0-6 mm. The results appear in Table 2. 

Incubation with glucose alone caused the intra- 
cellular from 425 to 
574 p»g./100 mg. in 20 min. This effect will be con- 


amino acids to increase 
In contrast 
with this, treatment with azide caused the level to 


Most of the 


material lost was derived from the ‘ valine’, ‘ alanine’ 


sidered in detail in the next section. 
fall from 425 to 355 yg./100 mg. 
and ‘glutamic’ fractions. The ‘glycine’ fraction 
was not significantly affected, and the ‘arginine’ 
fraction increased. 

The effect of dinitrophenol was more marked and 
more general. The total amino acids decreased by 
about 50% (425-215 ug./100 mg.) and all the con- 
stituent fractions of the pool except ‘glycine’ were 
affected. Some of the fractions such as ‘leucine’ 
and ‘valine’ were lost altogether. 


Free amino acids during nitrogen starvation 


In the previous section it was noted that when 
washed bacteria were incubated with glucose the 
free amino acid content increased. This effect was 
followed by incubating a similar suspension and 
taking samples for analysis over a longer period. 
In addition, the external medium was also ex- 
amined for the presence of amino acids. 

In a typical experiment (see Fig. 3a) the intra- 
cellular amino acids increased steadily from 376 to 
608 pg./100 mg. in the first 80 min. and then re- 
mained constant. In addition 166 pg./100 mg. was 
found in the. external medium. The appearance of 
amino acids in the external medium under these 
conditions is essentially similar to that reported by 
Dagley & Johnson (1956). 
there was always some loss of.material to the 


In these experiments 


medium even though the maximum internal level 


2. Lffect of azide and of 2:4-dinitrophenol upon the intracellular free amino acids of Escherichia coli 


Washed cells (ML30) were incubated for 20 min. with glucose alone (control) or with glucose and inhibitor. Concentra- 


tions: 2:4-dinitrophenol, 0-6 mm; azide, 2 mm. 


Amino acid content 


(ug. of amino acid/100 mg. of bacteria) 


Before 
treatment 


Amino acid 
fraction 


‘Leucine’ 15 
‘Phenylalanine’ 5 
‘Valine’ 42 
‘Tyrosine’ 15 
‘Alanine’ 81 
‘Glutamic’ 99 
‘Glycine’ 93 
‘ Arginine’ 15 


Total 425 


2 “4 - 


Control Azide Dinitrophenol 

24 9 0 
18 0 0 
42 15 0 

4 10 8 
156 54 18 
192 87 30 
90 90 108 
48 90 51 
574 355 215 
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had not been attained. Nevertheless, the greater 
proportion of extra amino acid that appeared in the 
course of the experiment was retained by the cells. 

A rather different result was obtained by omit- 
ting glucose, i.e. by shaking the bacteria in phos- 
phate buffer. It will be seen (Fig. 35) that, whereas 
there was, as before, an increase in the total free 
amino acids, all the extra material was lost to the 
external and the prolonged 
starvation produced a slow decline (586—476 yg./ 


medium carbon 
100 mg.) in the level of the intracellular amino acids. 

Although nitrogen starvation almost invariably 
produced an increase in the total free amino acids, 
it was difficult to obtain quantitatively reproducible 
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Fig. 3. (2) Accumulation of amino acids during nitrogen 
starvation. Washed bacteria (2. coli ML30) were incu- 
bated with glucose in the absence of a nitrogen source. 
O, Intracellular amino acids; @, extracellular 

acids, 


amino 
(6) Accumulation of amino acids during carbon 
and nitrogen starvation. Washed bacteria (EZ. coli M L30) 
were incubated in buffer in the absence of any exogenous 
source of carbon or nitrogen. O, Intracellular amino 
acids; @, extracellular amino acids. 
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results from one experiment to another even with 
the same strain of bacteria. The probable reason for 
this will be discussed below. 

Origin of the free amino acids released during 
nitrogen starvation. While protein was the most 
obvious source for the amino acids released during 
nitrogen starvation, they might also have been 
synthesized from traces of ammonium salts 
carried over from the growth medium, or alter- 
natively through the utilization of nitrogen from 
non-protein metabolites. 

An attempt was made to determine the origin of 
the released acids by 
bacteria (ML 328c) which was unable to synthesize 
leucine (Hirsch & Cohen, 1953), and carrying out 
the same type of nitrogen starvation procedure. If 


amino using a strain of 


this strain liberated leucine in the same way as the 
wild type (ML 30), breakdown of protein would be 
indicated. If, on the other hand, Jeucine did not 
appear together with the other amino acids it 
would indicate that the increase was due to pro- 
duction of amino acids from a non-protein source. 
In preliminary experiments it was found that leucine 
appeared together with the other amino acids in 
the same way as it had done in the wild type. 

But there still remained the possibility that the 
block in the synthesis of leucine was not absolute, 
and that the bacteria were able to synthesize a 
small amount of leucine, insufficient for growth, 
but sufficient to account for the increase observed 
in the experiment. The experiment was therefore 
carried out with labelled leucine as follows (see also 
Mandelstam, 1956a). The bacteria were grown from 
a small inoculum (0-04 mg. dry wt. of bacteria) in 
500 ml. of synthetic medium supplemented with 
100 pg./ml. of pu-[1-“C]leucine (approx. 0-5 uc/ 
mg.). They were harvested at a density of 0-80 
0-85 mg./ml., washed twice in phosphate buffer and 
suspended in 410 ml. of the same buffer containing 
1 % of glucose. Duplicate samples, each containing 
100 mg. of bacteria, were taken at the beginning of 
the experiment and after 2 hr. To conserve radio- 
active leucine, the extracellular and intracellular 
samples were pooled and estimated together. 

The increase in total free amino acid was 255 pg./ 
100 mg. of bacteria (Table 3), which is equivalent to 
about 0-45% of the bacterial protein. Leucine 
accounted for 6-5% of the total increase, which 
would be expected since leucine constitutes about 
6% of the protein in FZ. coli (Polson, 1948). 

Quadruplicate of specific 
activity showed that the leucine before incorpora- 
tion had an activity of 36-4-38-6 counts/min./ yg. 
of leucine; the values for the leucine released by the 
bacteria during the incubation 35°4 and 
36-7 counts/min./pyg. This was within the error of 


estimations radio- 
were 


the method, and demonstrated that the released 
leucine had not been synthesized by the bacteria. 
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Table 3. 


Escherichia coli during nitrogen starvation 


Production of free amino acids by 


Leucine-requiring bacteria were washed and incubated 
in phosphate buffer with 1% glucose for 2 hr., and samples 
were taken at the beginning and end of the incubation. 
Leucine was estimated separately; the other amino acids 
were pooled and estimated together. In the last column the 
amount of amino acid produced is expressed as a_per- 
centage of the amino acid in the cell protein. 

Amino acid content 


(ug. of amino acid/100 mg. 
of bacteria) 


Before After % 

incubation 2 hr. produced 
Leucine Trace 16-5 0-47 
All other amino acids 228 483 0-45 


DISCUSSION 


The experiments on the capacity of the bacteria to 
hold amino acids indicate that there is a level for 
the amino acids beyond which no more material 
can be retained in the cell. This finding could be 
explained by assuming that there are fairly specific 
adsorption sites for the amino acids and that these 
become saturated under conditions where protein 
synthesis is blocked and amino acids accumulate. 
A theory of specific adsorption sites was put 
forward by Cohen & Rickenberg (1955) to account 
for their the 
[14C]valine. They had found that the valine was 


observations on concentration of 
rapidly taken up by £. coli in the presence of a 
source of energy. The valine could be recovered by 
heating the cells at 100°. Alternatively, it could be 
displaced rapidly by unlabelled valine and also by 
leucine or The of azide or 
2:4-dinitrophenol at the beginning of the experi- 
ment prevented the uptake of labelled valine, and 


isoleucine. addition 


the addition of azide after uptake of the valine led 
to a slow loss of it from the cells. 

In a later communication Cohen & Rickenberg 
(1956) abandoned their earlier theory, although 
they admitted that it accounted satisfactorily for 
these phenomena. They preferred, however, the 
theory of a specific catalytic concentrating mech- 
anism (‘permease’), thus bringing their interpre- 
tation into conformity with that advanced for the 
concentration of galactosides in FZ. coli (Rickenberg, 
Cohen, Buttin & Monod, 1956). 

The ‘permease’ theory is as follows: 

Permease 
External valine > 


A 

Internal valine — > External valine. 
‘“Permease’ is considered to be a catalytic con- 
centrating mechanism which transports valine into 
the cell and whose action is competitively. in- 
hibited by similar molecules such as leucine and 
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isoleucine. The transport system requires energy 
and is inhibited by azide and dinitrophenol. The 
valine which has been concentrated is expelled 
the mechanism, A. 
According to this model there is thus a rapid circu- 
lation of valine through the cell so that [!4C]valine 
is rapidly displaced from the bacteria by addition 
of valine (or leucine or 


from bacteria by another 


isoleucine). If azide is 
added, however, the loss of valine is much slower, 
and to explain this fact the authors find it necessary 
to assume that azide inhibits A as well as permease. 
the concentration of 
amino acids generally is effected by means of 


They also suggested that 


specific permeases. 

This scheme appears to contain a number of un- 
necessary postulates. First, there seems to be in- 
sufficient justification for assuming the existence of 
a catalytic concentrating mechanism, and if this 
assumption is made it becomes necessary to 
postulate the system A and to postulate further 
that it is inhibited by azide. Even with these 
additional assumptions the theory fails to provide 
a satisfactory explanation for our present findings 
that all amino acid above a certain fixed level is 
lost from the cells whereas below this level it is 
firmly retained. This is particularly noteworthy 
with lysine which, in the absence of an energy 
source, appears to diffuse fairly freely in coliform 
bacteria (Mandelstam, 19566) so that its concen- 
tration is the same inside and outside the cells. 
Nevertheless, a small amount of intracellular lysine 
does not seem to be able to equilibrate in this 
manner since it is always found in the cells. It 
cannot be removed even by repeated washings, nor 
(in Bacterium cadaveris) is it destroyed by lysine 
decarboxylase which is always present in this strain 
(Mandelstam, 1954). 

It seems that the present experimental findings 
can be more simply and more adequately explained 
in terms of Cohen & Rickenberg’s (1955) original 
theory that there are specific adsorption sites for 
the amino acids and that a good supply of energy is 
necessary for rapid equilibration between added 
and adsorbed amino acid. This follows from the 
fact that very little labelled valine is taken up by 
the cells without a source of energy, whereas in the 
presence of a source of energy there is rapid ex- 
change between the labelled valine and the un- 
labelled valine which the bacteria contain when 
they are harvested. However, the maintenance of 
the pool seems to require much less energy, because 
prolonged carbon starvation produces only a slight 
fall in the intracellular pool (Fig. 36). That some 
energy is needed is indicated by the fact that azide 
and dinitrophenol increase the rate of loss of 
amino acids from the cells. 

The increase found in free amino acids during 
that 


is similar to observed 


nitrogen starvation 
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when nitrogen-starved yeast cells were incubated 
with alcohol instead of glucose (Halvorson, Fry & 
Schwemmin, 1955). In LH. coli the increase in free 
amino acids is obtained equally in the presence of 
glucose or of succinate or, indeed, with no exo- 
genous carbon source at all. The experiments with 
labelled leucine show that this amino acid, at least, 
is not synthesized by the bacteria from non-protein 
nitrogen. This does not formally prove that all the 
amino acids thus released arise from the breakdown 
of protein, but, in the next paper, independent 
evidence is presented to show that there is a fairly 
well-balanced degradation and resynthesis of pro- 
tein in nitrogen-starved bacteria. The process 
continues for 3—4 hr. at a rate equivalent to about 
5% of the total protein/hr. (Mandelstam, 1957). 
Since the amino acid pool is equivalent to only 
about 0-5-2 % of the total protein, the amount of 
material passing through the pool is large in 
comparison with what is already there. It is clear 
that a relatively small imbalance in the rates of 
synthesis and degradation of protein could lead to 
appreciable changes in the size of the pool. Thus 
the change in free amino acid reported in Table 3 
could be accounted for if the rates of degradation 
and resynthesis of protein were 5 and 4:7 %/hr. 
respectively. This may explain the difficulty ex- 
perienced in getting quantitatively reproducible 
results in the nitrogen-starvation experiments. 

The relationship of the intracellular free amino 
acids to protein synthesis may now be considered. 
Britten et al. (1955) showed that C-labelled 
proline was apparently adsorbed by suspensions of 
E. coli, and that the radioactivity incorporated 
into protein during growth was directly propor- 
tional to the specific activity of the proline in the 
adsorbed state. They stated that even if only a 
small fraction of the proline entering the protein 
had by-passed the adsorbed pool it would have 
been detected by their method. The fact that the 
rate of growth is proportional to the total free 
amino acid content (Fig. 1b) suggests that the 
findings from the experiments with proline may 
apply to the other amino acids as well, and that the 
adsorbed pool as a whole is on the pathway of 
protein synthesis. 

There is no evidence to indicate the manner of 
adsorption or the nature of the adsorbing surface, 
but Britten et al. (1955) suggested 
bonding on a surface of ribonucleic acid. Now the 
acid when ‘full’ 1000- 
1500 ng. of amino acid/100 mg. dry wt. of bacteria, 
i.e. about 10umoles of amino acid/100 mg. The 


hydrogen- 


amino pool contains 


amount of ribonucleic acid in the cells is roughly 
50umoles of ribonucleic acid nucleotide residues/ 
100 mg. (Britten et al. 1955), and thus there is 
ample nucleotide material to account for the 
adsorption of the amino acid pool. While this 
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calculation shows that nucleic acid could be the 
adsorbing surface, there is no evidence to prove 
that it is, and it could be argued with equal force 
that the amino acids are adsorbed on protein. 
There are roughly 100 acid residues in 
protein for every amino acid molecule in the free 


amino 


state, so that again there seems to be ample 
protein to provide the adsorbing surface. 

If it is accepted tentatively that adsorption at 
a specific site is an essential preliminary step in 
protein synthesis, it is of interest to calculate the 
rate of flow of material through the adsorption 
sites during growth. With a pool equivalent to 
1 % of the bacterial protein, and a generation time 
of 1hr., the turnover of amino acids in the pool 
would be 100% in 0-77 min., i.e. each adsorption 
site would, on average, take up a fresh amino acid 
molecule about once every 45 sec. This result may 
be compared with one derived from the penicil- 
linase-forming system of Bacillus cereus (M. R. 
Pollock, personal communication). The rate of 
induced penicillinase formation is dependent upon 
the number of penicillin molecules specifically 
fixed by the bacteria (about 200/cell). If it is 
assumed that each molecule allows one enzyme- 
forming site to become functional, it can be 
calculated that the rate of formation of the 
enzyme is of the order of one molecule/site/min., 
i.e. the enzyme-forming site has about the same 
turnover-time as the amino acid-adsorbing sites. 
This agreement may be considered additional 
support for the view of Britten et al. (1955) that the 
amino acids are adsorbed at the actual sites of 
protein synthesis. 


SUMMARY 


1. Coliform bacteria grown in a medium con- 
taining glucose and inorganic salts contained at 
least 15 amino acids in the free state. Together these 
constituted 0-25-1:5% of the dry weight, de- 
pending upon the type of bacteria. 


2. The total free amino acid content varied 
directly with the specific growth rate of the 
bacteria. 


3. The results support the theory that there is 
a limited number of adsorption sites for each 
amino acid. 

4. Retention of the free amino acids within the 
cell was linked with energy metabolism. 

5. When bacteria were starved of nitrogen or 
carbon, free amino acids accumulated and this has 
been shown to be due to protein degradation. 

6. The possible role of the free amino acids in 
protein synthesis is discussed. 

I wish to thank Dr T. 8. Work for advice on chromato- 
graphic procedure and I am greatly indebted to Miss R. 
Coyle for invaluable technical assistance. 
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Turnover of Protein in Growing and Non-Growing 
Populations of Escherichia coli 


By J. MANDELSTAM 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


(Received 21 August 1957) 


The classical theory of the dynamic state of 
proteins was based upon isotopic experiments 
with mammals. Recently the concept has been 


the basis with 


bacterial systems. Three independent groups of 


questioned on of experiments 
workers reported that the proteins of Escherichia 
coli were stable and that the rate of turnover of 
protein in 
(Rotman & Spiegelman, 1954; Hogness, Cohn & 
Monod, 1955; Koch & Levy, 1955). Hogness et al. 
(1955) went on to suggest that proteins in the 
cell were stable that the 
observed turnover was not true intracellular turn- 
of material 


growing suspensions was negligible 


mammalian also and 
over but was due to replacement 
released by secretion or cell lysis. 

However, a number of facts pointed to the 
occurrence of degradation and synthesis of protein 
in non-growing populations, and suggested that it 
might not be valid to extrapolate from growing 
bacteria to mammalian systems where the cell 
population is, by comparison, virtually static. 
Thus Podolsky (1953) had reported a slow rate of 
protein degradation (about 0-25%/hr.) and Mel- 
chior, Klioze & Klotz (1951) had found that [**S]- 
methionine was incorporated into the proteins of 
washed LZ. coli. Further evidence for the synthesis 
of protein is to be found in the fact that washed, or 
even nitrogen-starved, bacteria can synthesize 
inducible enzymes (for examples see Mandelstam, 
1956; Pollock, 1958). 

The present paper is a report of experiments 
designed to measure the extent of protein turnover 


in non-growing populations of EH. coli by separate 
determination of the rates of degradation and of syn- 
thesis. Factors affecting both processes have been 
studied and, in addition, the rates of degradation in 
growing and non-growing populations have been 
compared. In this paper the term non-growing will 
be used to denote suspensions of bacteria in which 
there is no net synthesis of protein. 

The experiments were carried out with mutant 
strains of 2. coli with specific amino acid require- 
ments. For the measurement of protein synthesis in 
non-growing suspensions, leucine- or arginine- 
requiring strains were used. The bacteria were first 
starved of the essential amino acid and then incu- 
bated with an excess of labelled glycine. The condi- 
tions were therefore such that protein synthesis, 
with concomitant incorporation of glycine, could 
not take place until leucine or arginine was released 
by the degradation of existing protein. The validity 
of this method as a measure of protein synthesis 
will be considered in the Discussion. 

For investigation of protein breakdown a strain 
of E. coli was used which required both leucine and 
threonine for growth. The proteins were labelled 
by growing the bacteria in the presence of labelled 
leucine. The bacteria were then washed and incu- 
bated with an excess of unlabelled leucine to trap 
labelled leucine liberated from the proteins. In the 
experiments with non-growing suspensions, only 
a carbon source was added; when a growing popu- 
lation was required the medium was supplemented 
with ammonium salts and threonine. 
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METHODS 


Organisms. The following strains of HZ. coli were used: 
160-37 (requiring arginine for growth); K12 (leu thr ) 
(requiring leucine and threonine); ML328¢ (Lac*) (re- 
quiring leucine and able to form induced f-galactosidase). 
The organisms were grown in synthetic medium (Mandel- 
stam, 1958) supplemented with the required amino acid as 
follows: L-arginine HCl, 100 vg./ml.; pL-threonine, 600 yg./ 
ml.; pL-leucine, 300 ug./ml. All experiments were done at 
35°. 

Glycine incorporation. These experiments were done both 
with strains requiring leucine and strains requiring 
arginine. The bacteria were harvested during the exponen- 
tial phase of growth (0-4-0-8 mg. dry wt./ml.), washed and 
starved of the essential amino acid by incubation at 35° for 
30min. with shaking in the same volume of medium 
without the amino acid supplement. This procedure 
sufficed to exhaust the essential amino acid, and caused 
other amino acids to accumulate, partly intracellularly and 
partly in the external medium (Mandelstam, 1958). The 
cells were washed again to remove ammonium salts and 
extracellular amino acids, and incubated, at a bacterial 
density of 0-9-1 mg./ml., in 0-05m-phosphate buffer (see 
preceeding paper) containing Fe** and Mg** ions (as in 
growth medium) and [1-4C]glycine (180 yg./ml.) with a 
specific activity of about 50 counts/min./ug. Samples of 
20ml. were taken at intervals and centrifuged. The 
bacteria and the supernatant were then treated separately. 
For the isolation of protein, the bacteria were suspended in 
25 ml. of water, 2-5 ml. of 10% (w/v) trichloroacetic acid 
containing 4 mg. of glycine/ml. was added, and the tubes 
were heated for 20 min. at 90° to extract nucleic acids 
(Schneider, 1945). The precipitated protein was washed 
with 5 ml. of 5% trichloroacetic acid containing 4 mg. of 
glycine/ml. The protein was then dissolved in 1 ml. of 
n-NaOH (containing 4 mg. of glycine/ml.) and reprecipi- 
tated with 2 ml. of 20% trichloroacetic acid. The precipi- 
tate was washed twice with 5% trichloroacetic acid, twice 
with acetone, twice with ethanol-ether (3:1), heating to 
boiling each time, and finally twice with ether. The protein 
was dried at room temperature and the radioactivity 
measured in 0-3 cm.” polythene disks at infinite thickness 
(7-5-8 mg. of protein/disk) in a thin end-window Geiger 
Miller counter. 

Specific activity of glycine. Protein (2-3 mg.) was heated 
for 48 hr. with 2 ml. of 6N-HCl in a sealed tube at 100°. The 
hydrolysate was dried in a vacuum desiccator containing 
cone. H,SO, and solid NaOH. The residue was dissolved in 
10ml. of water, and the amino acids were adsorbed on 
Zeo-Karb 225 and eluted with aq. NH; soln. (see Mandel- 
stam, 1958). The eluate was taken to dryness at 100° and 
the amino acids were dissolved in 0-2 ml. of water and 
transferred with two washings of 0-1 ml. to Whatman no. 3 
paper. The solution was applied as a line 5cm., long. 
Glycine markers were placed on both sides of the sheets and 
the chromatograms were developed for 4 days with water- 
saturated m-cresol. The position of each glycine spot was 
determined by treating a 2mm. strip of the paper with 
002% ninhydrin. The glycine was then eluted and the 
eluate dried in vacuo. The glycine was dissolved in 0-2 ml. 
of water and transferred with two washings of 0-1 ml. to 
2cm.? aluminium disks for measurement of radioactivity. 
Samples were counted at infinite thinness. The glycine on 
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the disk was then dissolved in 1 ml. of water and estimated 
by the method of Moore & Stein (1948). Duplicate estima- 
tions of specific activity agreed to within 10%. 

For analysis of the glycine in the culture supernatant, 
samples (2 ml.) were treated on columns of Zeo-Karb 225 
and the same procedure was followed for measurement of 
specific activity. 

Release of labelled leucine from protein. Bacteria requiring 
both leucine and threonine (K12 leu thr ) were grown in 
synthetic medium supplemented with pt-threonine and 
[4C]pt-leucine (approx. 50 counts/min./ug.) from @& 
bacterial density of 0-02—0-80 mg./ml. The leucine of the 
protein was thus almost all labelled (97:5%). The bacteria 
were washed twice in the same medium containing 300 yg. 
of pt-leucine/ml. At each washing the bacteria were 
shaken for 3 min. at 35° to obtain thorough equilibration 
between extracellular and intracellular leucine. They were 
then suspended at a density of 0-15-0-20 mg./ml. in 0-05m- 
phosphate buffer containing 2% of glucose, Fe?+ and Mg** 
ions (as in growth medium) and 300 yg. of L-leucine/ml. to 
trap any labelled leucine released in the subsequent incu- 
bation. When a growing population was required, the 
incubation medium was supplemented with ammonium 
salts and threonine. The mutant strain with a double 
amino acid requirement was used to prevent the bacteria 
from growing by utilizing the leucine carrier as a general 
source of nitrogen. This precaution was later found to be 
unnecessary since leucine was not utilized in this way, and 
almost identical results were obtained with the bacteria 
which required only leucine. Samples (5 ml.) were taken at 
intervals and heated at 100° for 20 min. to extract intra- 
cellular free amino acids. Water (10 ml.) was added to 
dilute the solution, and the bacteria were removed by 
centrifuging. The amino acids in the supernatant were 
adsorbed on Zeo-Karb 225 as before. The rest of the pro- 
cedure was as for glycine except that tert.-amyl alcohol 
saturated with water was used for developing the chromato- 
grams. The leucine was eluted from the paper and frans- 
ferred to 2cm.? aluminium disks for counting. Radio- 
activity measurements were corrected for self-absorption. 
In preliminary experiments the recovery of leucine was 
80-85 %. 

Assay of B-galactosidase. B-Galactosidase activity was 
determined in toluene-treated cells at 30° by the assay 
method of Rickenberg & Lester (1955). The substrate, o- 
nitrophenyl-f-p-galactoside, was synthesized by the 
method of Seidman & Link (1950). 


RESULTS 


Effect of glucose on the rate of incorporation of 
glycine into protein of non-growing cells 


The mutant requiring arginine, 160-37, , was 
starved of arginine (see Methods) and the incorpora- 
tion of radioactive glycine followed in the presence 
and the absence of glucose (2%). Samples were 
taken at 0, 40, 80 and 120 min. 

Table 1 gives the results for the analysis of the 
radioactive glycine in the incubation medium. The 
behaviour of the glycine was similar in the presence 
and the absence of glucose. Its concentration fell 
fairly sharply in the first 40 min. of the experiment 
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and then more slowly. The specific activity re- 
mained at 56+ 4 counts/min./yg. for the duration 
of the experiment. Table 2 shows the values for 
glycine isolated from the protein. The specific 
activity increased from 0-09 to 5-0 counts/min./ pg. 
the 
absence of glucose the increase was 20 % less at the 


of glycine in the presence of glucose. In 


end of 2 hr. 

From these specific-activity values the percent- 
age of glycine in protein that had been replaced was 
calculated on the basis that complete replacement 
would have given a value of 56 counts/min./g. 
(i.e. the specific activity of the original glycine). 
This method of calculation is permissible because 
the total bacterial glycine is small compared with 
the labelled glycine added (22 ng. and 180 yg./ml. 
respectively). In Fig. 1 it will be seen that with 
glucose present, the incorporation of glycine was 
almost linear and represented a synthesis of protein 
equivalent to 9% of the total bacterial protein in 
2 hr. or about 4-5 %/hr. In the absence of glucose, 
the initial rate was a little lower and it was main- 
tained only for about 80 min. before it began to fall. 


The same graph shows the total radioactivity of 
the protein. It can be seen that, in the presence of 


glucose, glycine accounted for about 75% of the 


Table 1. 
glycine in medium during incubation of bacteria in 
phosphate buffer with and without glucose 


Time Conen. of glycine Specific activity 
(min.) (ywg./ml.) (counts/min./pg. 


With glucose: 


0 182 54 
40 128 60 
80 118 52 






120 102 55 


Without glucose: 


0 180 56 
40 132 56 
80 112 54 

120 96 58 


Table 2. 


protein of Escherichia coli incubated with [1-14C]- 


Specific activity of glycine isolated from 


glycine in the presence and the absence of glucose 


Time Glycine Specific activity 
(min.) (ug-) (counts/min./ yg.) 
With glucose: 
0 51 0-09 
40 48 1-9 
380 4 3°5 
120 53 5-0 
Without glucose: 
0 5) 0-09 
40) 1-65 
80 3-2 
120 4-0 
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Concentration and specific activity of 


A further 20% was found in 
In the 
absence of glucose there was much more diffuse 


total radioactivity. 
the serine, leaving 5% unaccounted for. 


labelling of the amino acids; glycine accounted for 
only 50% of the total radioactivity and the serine 
for 20%. The distribution of the remaining 30% 
was not further investigated. 

Effect of chloramphenicol on the rate of incorpora- 
tion of glycine into protein. The mutant requiring 
leucine, ML 328¢(Lac*), was starved of leucine and 
the effect of chloramphenicol (20 pg./ml.) upon the 
incorporation of glycine was determined. The incu- 
bation was carried out in buffer solution containing 
glucose. 

Fig. 2 shows the behaviour of the glycine in the 
incubation medium. In the control suspension the 
concentration of extracellular glycine fell rapidly 
during the first 40 min. and then more slowly. The 
picture is essentially the same as in the previous 


experiment. In the presence of chloramphenicol 
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Fig. 1. 

arginine-starved bacteria incubated in the presence and 
Broken the total 
radioactivity of the protein, i.e. activity due to incorpora- 


Incorporation of ['C]glycine into protein by 


the absence of glucose. lines show 
tion of glycine and of other amino acids which have 
labelled the incubation. Continuous 
lines show incorporation of glycine as such. Values are 


become during 


expressed as percentage of total glycine in protein. 
O, With glucose; @, without glucose. 
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the concentration of glycine was constant after 
40min. The specific activity of the glycine fell 
12-15 % in the course of the incubation. 

The extent to which the glycine in the protein 


yecame labelled is shown in Fig. 3. In the contro 
| labelled is show1 Fig. 3. In th trol 
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Fig. 2. Concentration (continuous lines) and _ specific 


activity (broken lines) of [**C]glycine in medium during 
incubation of leucine-starved F. coli in the presence and 
the absence of chloramphenicol (see text). O, Control; 
@, with chloramphenicol (20 yg./ml.). 
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Fig. 8. Effect of chloramphenicol upon the incorporation 
of glycine into protein of leucine-starved FE. coli. Con- 
tinuous lines show glycine incorporation as a percentage 
of the total glycine of protein; broken lines show the 
total radioactivity of the protein (see legend to Fig. 1). 
O, Control; @, with chloramphenicol (20 yg./ml.). 
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suspension, the amount of synthesis was equivalent 
to 8-5 % of the bacterial protein in 2 hr. The values 
in the graph have not been corrected for the fall in 
specific activity of the extracellular glycine, but even 
so they are in good agreement with those obtained 
with the strain requiring arginine. In the presence 
of chloramphenicol the incorporation of glycine gave 
a value for protein synthesis of 0-65% in 2 hr., 
which is less than one-tenth of the control value. 

A similar result has been obtained with the 
arginine-requiring strain. 

Effect of 2:4-dinitrophenol on the rate of incorpora- 
2:4- 


incorporation of 


tion of glycine 
dinitrophenol 


into protein. The effect of 
(mM) the 
glycine into protein was determined with the same 


upon 


procedure as in the previous experiment. The 
leucine-requiring strain ML328c(Lac*) was used. 
Comparison of Figs. 3 and 4 shows that dinitro- 
phenol, like chloramphenicol, depresses incorpora- 
tion of glycine by over 90%. 
Reversibility of glycine incorporation. Experi- 
ments were carried out to determine whether the 
labelled glycine incorporated into protein could be 
displaced by unlabelled glycine. The bacteria were 


starved of the essential amino acid, and then 
allowed to incorporate labelled glycine in the 


presence of glucose as in previous experiments. 
After 2 hr. the bacteria were washed and incubated 
for 3hr. in fresh medium containing unlabelled 
glycine. Samples were taken at hourly intervals. 

There was no detectable loss of the incorporated 
radioactivity. 


10 


Glycine incorporated (' 


0 40 80 


Time (min.) 


120 


Fig. 4. Effect of 2:4-dinitrophenol upon the incorporation 
of glycine into protein of leucine-starved E. coli. Glycine 
incorporation is given as a percentage of the total glycine 
of protein. O, Control; @, with 2:4-dinitrophenol (mm). 
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Degradation of protein in growing 
and non-growing cells 

the presence of 
.). The 
were washed (see Methods) and suspended at a 
0-15 me. synthetic 
medium supplernented with pxi-threonine and con- 

unlabelled t-leucine (500yg./ml.). <A 
flask which 
ammonium salts were omitted so that growth could 


K12 (leu thr ) erown in 


labelled leucine 


was 


(49 counts/min./ pg bacteria 


density of ml. in complete 
taining 
similar was set up in threonine and 
not occur. 

The 
and ammonium 
0-20 mg. 


in bacter 


threonine 
0-15 to 


This slow increase 


bacteria which were starved of 


increased from 
(Table 3). 


measured 


salts 


ml. 


in 33 hr. 





density, by change in 





as 
opacity, has been found with most coliform strains 
during nitrogen starvation and is probably due to 
The 


were not starved increased from 0-20 to 0-94 mg./ 


formation of polysaccharides. bacteria which 


ml. The last column of Table 3 (calculated on the 
basis that 49 counts/min. = 1 yg. of leucine released) 
shows that the starved bacteria released more than 
three 


culture. 


times as much labelled leucine as the growing 


coli 


values of 


content of LH. 
Lac 


the pai 
and ML328e 


dry wt 


Estimations of 
(K 12 leu” thr 


34-38 pg./me_g. 


) gave 


. of Guhiis. A similar value 


can be obtained from published data. Thus leucine 
of coliform protein (Polson, 1948), 


(Roberts, 


constitutes 6-1 ° 


and the protein itself 60% of the dry wt. 


oO 


Abelson, Cowie, Bolton & Britten, 1955). This gives 
36-6 wg. of leucine/mg. of bacteria. For purposes of 
calculation, the value has been taken as 36 pg./mg. 


the radioactive leucine released 


has been plotted as a percentage of that present at 
the 


From this figure, 


beginning of the incubation and, in the same 


Table 3. 


growing and non-growing Escherichia coli 


Release of [4C]leucine from the protein of 


Radioactivity 


Bacterial in supernatant Leucine 





Time density (counts/min. released 
(min.) (mg./ml.) 5 ml.) (ug./5 ml.) 
Non-growing bacteria: 
0 0-15 5-5 0-11 
30 0-16 28-2 0-57 
60 0-16 47-3 0-96 
90 0-17 66-4 1-35 
120 0-18 89-6 
150 0-19 124 2-53 
210 0-20 174 3°56 
Growing bacteria: 
0 0-15 5-0 0-10 
30 0-16 23-1 0-47 
60 0-21 36-5 0-74 
90 0-27 43-2 0-88 
120 0-37 46 0-94 
150 0-50 50-5 1-03 
210 0-94 47 0-96 
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1958 ) 


/ 
figure, the logarithm of the bacterial density has | 
been plotted against time (Fig. 5). It will be seen | 
that the growing bacteria liberated less than 4% 
of the leucine of the protein in 3} hr. and that a 
of the release occurred 


Once growth was well estab- 


substantial proportion 


during the lag phase. 
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Time (min.) 

Fig. 6. Comparison of rates of protein synthesis (O) and 
degradation (@) in non-growing £. coli. Synthesis was 
measured by incorporation of glycine and degradation by 
release of leucine. The straight line was fitted to all the 


points by the Method of Least Squares. 
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detectable. 
release of leucine was linear for the duration of the 
experiment. The existence of this inverse relation- 
ship between growth and the rate of 
leucine was confirmed with strain ML328e (Lac’ ) 
(Mandelstam, 1957). 


The values of Table 3 20% 


and Fig. 5 are 15 , too 
low because the recovery of leucine is not quanti- 
tative (see Methods). If the correction is made, the 
rate of breakdown of protein is about 4:5 %/hr., 
which is similar to the values obtained for synthesis 
by measurement of incorporation of glycine. In 
Fig. 6 the three 


)} experiments on release of leucine and three experi- 


corrected values obtained in 
ments on the incorporation of glycine are shown 
together. It is apparent that the rate of protein 
roughly equal to the rate of break- 
down, values for the latter tend 
slightly All the points are 


ee by a single straight line fitted by the 


synthesis is 


although to be 


higher. fairly well 
Method of Least Squares. 

Effect of chloramphen on the rate of degradation 
The * ML328e (Lac’) 
before by growing the bacteria 

labelled The 
washed and suspended in buffer containing glucose 
The effect of 
the rate of 


of protein. 
labelled 


presence of 


proteins o were 


as in the 


leucine. bacteria were 


and unlabelled t-leucine. chlor- 


amphenicol (20 yg./ml.) release 


of labelle« 


upon 


1 leucine was then determined. 


=> 
Oo 
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o co 


Leucine released ( 
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60 120 180 


Time (min.) 
Fig. 7. Effect of chloramphenicol upon the degradation of 
protein in ZL. 
leucine 


Results are given as percentage of 
Control; @, with 


coli. 
released from protein. O, 
chloramphenicol (20 pg./ml.). 
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In the non-growing cells the rate of 


release of 
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It was found that chloramphenicol had a delayed 
effect (Fig. 7). the 
virtually no inhibition and even at 90 min. 
20% difference the 
suspension and that containing chloramphenicol. 
The inhibitory effect until, at 
23 hr., the breakdown of protein appeared to be at 
end, the the 
process was still continuing at a linear The 
was 


For first 45 min. there was 


there 
control 


was only a between 


was progress} ve 


an whereas in control suspension 
rate. 
total amount of protein degraded in 3% hr. 
decreased about 50% by the inhibitor. 

Effect of azide and 2:4-dinitrophenol on the rate of 
The effect 


(5 mm) upon the rate of release of labelled leucine 


degradation of protein. of sodium azide 
was determined with the same procedure as in the 


previous experiment; ML328e (Lac*) was again 
used. 

The result with azide was very similar to that 
obtained with chloramphenicol. Again no inhibi- 
the first The 
release of labelled leucine then fell off rapidly and 
24 hr. (Fig. 8). 


dinitrophenol was inhibitory from 


tion was observed during 45 min. 
ceased after 


By 
the start; the rate of protein degradation was about 


contrast, 


1%/hr. as compared with 4°%%/hr. in the control. 


aN 
oO 


oc 


oO 


Leucine released ("%) 


120 180 


Time (min.) 


60 


Effect of azide and 2:4-dinitrophenol upon the 
degradation of ML328c (Lact). 
Results are given as percentage of leucine released from 
protein. O, Control; @, (5 mM); 2:4-dinitro- 


phenol (mm). 


Fig. 8. 


protein in EF. coli 


azide 


8-2 
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The effect of dinitrophenol differed according to 
the strain used. With K 12(leu thr ) the result was 
the same as that obtained with azide or chlor- 
amphenicol, that is, delayed inhibition becoming 
apparent after 45min. This 


response of the two strains to dinitrophenol was 


only difference in 
consistently reproducible and is the only instance in 
which a result obtained with one strain could not 
be repeated with the other. No explanation has 
been found for this difference in reaction between 
the two strains. 

Effect of ammonium salts on the rate of degradation 
of protein. The above experiments showed that 
azide and chloramphenicol might not be acting as 
primary inhibitors of protein breakdown since their 
effect only became apparent after about 1 hr. This 
suggested that their action might be due to the 
gradual accumulation of some inhibitory meta- 
bolite. 

The experiments with growing bacteria also 
to the 


seemed possible that, if non-growing bacteria were 


pointed same conclusion. It therefore 


forced to accumulate metabolites, the breakdown 


of protein might be inhibited in somewhat the 
same way as in growing bacteria or as in non- 


growing bacteria treated with an inhibitor. The 
experiment was carried out with K12 (leu thr ) 
the of of labelled 


and rate release leucine from 


12 
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Fig. 9. 
with threonine, upon the degradation of protein in 
threonine-requiring E. 


Effect of ammonium salts, and of ammonium salts 
coli. Results are given as per- 


centage of leucine released from protein. ©, Control, 


@. with 


\, with ammonium salts, 


no ammonium salts and no threonine; am- 


monium salts, no threonine; 
with 


salts and threonine 
added to the same concentration as in growth medium. 


threonine; ammonium were 
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bacteria incubated with glucose and unlabelled 
leucine was measured under the following condi. 
tions: (1) no addition—bacteria were starved of 
ammonium salts and threonine; (2) with ammonium 
salts—bacteria were starved of threonine; (3) wit 
ammonium salts and threonine—growing popula. 
tion of bacteria. The ammonium salts and threo. 
nine were present in the same concentration as i1 
the growth medium. 

From Fig. 9 it will be seen that the addition of 
ammonium salts produced inhibition of degrada. 
tion of protein whether the bacteria were growing 
or not; the presence of threonine merely increased 
the rate of development of the inhibition. In both 
the of 


significantly retarded after 80 min. and appeared to 


suspensions degradation protein was 


have ceased altogether after 160 min. 


Stability of bacterial cells in a 
non-growing population 


An to 


there was enough lysis in the cells of a non-growing 


attempt was made determine whether 
population to account for the observed turnover, 
or whether the results were due to true intracellular 
turnover. For this purpose, ML328c¢ (Lac*) was 


grown in synthetic medium with 2° 


4 Of lactose as 
the only source of carbon. The bacteria, when 
harvested, contained considerable quantities of the 
inducible enzyme f-galactosidase which had been 
synthesized in response to the presence of lactose. 
The bacteria were centrifuged, washed twice to 
remove lactose and ammonium salts and suspended 
at a density of 0-2 mg./ml. in buffer containing 
incubated for 34 hr. 
Samples (5 ml.) were taken at the beginning and 


glucose and leucine, and 


end of the experiment, and the incubation medium 
and the bacteria were separately assayed for f- 
galactosidase activity. 

Since there was no lactose present, further syn- 
thesis of B-galactosidase was precluded. Conse- 
quently, if the turnover of protein measured in the 
previous experiments had involved lysis of bacteria, 
B-galactosidase should have been lost from the cells 
at the rate of 4-5%/hr. The enzyme thus lost 
should have been either destroyed, if it were un- 


Table 4. 
B-galactosidase activity of a suspension of Escher- 


Assay of intracellular and extracellular 
ichia coli incubated in the absence of a nitrogen 
source 


Enzyme activity is expressed as pmoles of o-nitrophenyl- 
B-galactoside hydrolysed/hr./ml. of suspension. 


Time Intracellular 
(hr.) Intracellular Extracellular (%) 
0 19-7 <0-05 > 99-9 
3} 19-3 0-11 > 99-9 
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stable, or recovered in the extracellular solution if 
it were stable. 

Table 4 the of enzyme 
activity. It will be seen that the loss of enzyme was 
only 2% in 3} hr., which is within the error of the 
method, and that virtually all the activity remained 


shows distribution 


in the cells. 
DISCUSSION 


It is first necessary to consider the assumptions 
upon which the experiments were based and the 
factors that might affect the values for protein 
turnover obtained by these methods. 

The estimate of protein synthesis arrived at by 
measuring incorporation of glycine could be in- 
accurate for a number of reasons. First, and most 
important, an erroneously high figure would be 
obtained if glycine were incorporated by direct 
exchange with the glycine residues in the protein 
(see Gale & Folkes, 1953) and not by protein syn- 
thesis. The problem raised by the possible occurrence 
of exchange has been discussed in an earlier paper 
(Mandelstam, 1956), where it was pointed out that 
piecemeal exchange would be difficult to distinguish 
from protein breakdown and resynthesis. Thus if a 
pool exists which contains all the amino acids 
normally present in protein, and if they all undergo 
the 
‘true’ 


independent exchange, resultant 


state will 


dynamic 
resemble protein turnover. In 
principle, however, the two processes are disting- 
wishable, because, whereas exchange could produce 
labelling of existent molecules, it could not result in 
the net synthesis of any species of protein molecule. 
Now, nitrogen- or amino acid-starved bacteria can 
synthesize inducible B-galactosidase, i.e. there can 
be net synthesis of a particular type of protein. 
Furthermore, with incorporation of glycine as a 
measure of protein synthesis, it can be shown that 
the ratio of induced f-galactosidase to incorpora- 
tion of glycine has the same magnitude in starved 
and in growing bacteria (Mandelstam, 1957). This 
proportionality between incorporation of glycine 
and net synthesis of enzyme makes it reasonable to 


conclude that the incorporation is a measure of 


synthesis rather than exchange. In addition, Gale 
& Folkes (1953) that 
sensitive to chloramphenicol protein 


synthesis is. This additional criterion supports the 


showed exchange is not 


whereas 


contention that, in the present experiments, little, 
ifany, of the incorporation could have been due to 
exchange. 

An erroneously high result could also arise 
through contamination of the protein by radio- 
active glycine. The following facts suggest that this 
isnot the case: treatment of the protein with nin- 
hydrin did 


not reduce the radioactivity, thus 


showing that the carboxyl group of the glycine 
was bound; the zero-time samples had negligible 
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radioactivity ; increase in radioactivity was almost 
wholly prevented by dinitrophenol or chlor- 
amphenicol; incorporation of radioactive glycine 
was not reversed when the bacteria were incubated 
for 3 hr. in an excess of unlabelled glycine. 

An attempt has also been made to control factors 
that would tend to give too low an estimate of 
protein synthesis. One such factor is dilution of the 
labelled glycine by unlabelled glycine produced by 
metabolism of the cells during incubation. This 
factor by analysis of the 
glycine in the incubation supernatant. Again, if the 
labelled glycine did not saturate the protein- 


synthesizing sites, glycine liberated by breakdown 


has been controlled 


would be reincorporated into protein, and a low 
This 


cannot be altogether ruled out, but it was found 


estimate would be obtained. possibility 
that doubling the concentration of labelled glycine 
used in these experiments did not increase incorpor- 
ation. 

of 


protein by measurement of release of leucine could 


Determination the rate of degradation of 
give erroneous results for the same reasons as the 
experiments with incorporation of glycine. For 
example, a high result would be obtained if leucine 
were liberated by exchange as well as by degrada- 
tion of protein. However, preliminary experiments 
showed that the incorporation of leucine, like that 
of glycine, parallels the synthesis of f-galacto- 
sidase and is suppressed by chloramphenicol, so 
that there is no reason to suppose that any signi- 
ficant amount of exchange takes place. It is more 
difficult to that 
equilibration between the extracellular leucine and 


be sure there is instantaneous 
the labelled intracellular leucine released by protein 
breakdown, and it is therefore possible that some of 
the leucine released by breakdown is reincorporated 
so that the results of these experiments may be 
lower than the true values. 

The necessity for rapid equilibration imposes 
some limitations upon the method. Thus it cannot 
be used to determine the effect of carbon starvation 
the 
starvation 
cellular and intracellular leucine (Cohen & Ricken- 


upon rate of degradation, because carbon 


retards equilibration between extra- 
berg, 1956). Chloramphenicol does not have this 
effect, that the 
accepted as such. The experiments with azide and 


so observed inhibition can be 
dinitrophenol have also been presumed to be valid 
because, although these compounds retard equili- 
bration, they also block protein synthesis so that 
that 
corporated. 

On the basis of these assumptions, the experi- 


In 


leucine has been released cannot be rein- 


mental results lead to the following conclusions. 
non-growing bacteria the rate of protein synthesis 
is roughly equal to the rate of protein breakdown, 


oO 


and proceeds at 4-5 %/hr. 
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The processes of degradation and synthesis which 


together constitute turnover are quite differently 


affected by metabolic inhibitors. Synthesis is 
almost completely prevented by such agents as 
chloramphenicol and 2:4-dinitrophenol and the 


effect is immediately apparent. Degradation is 
affected much less and the effect becomes apparent 
only after an appreciable lag period. Chlor- 


amphenicol, azide and dinitrophenol (in K 12leu 
thr ) 
With ML328¢(Lac*) dinitrophenol was inhibitory 
from the beginning, but, even so, breakdown was 


produced no effect at all for over 45 min. 


inhibited less than synthesis. From work with rat- 
liver the 


(Simpson, 1953; Steinberg, Vaughan & Anfinsen, 


slices conclusion has been reached 
1956) that reagents which inhibit protein synthesis 
also inhibit its breakdown. It is apparent that in 
E. coli this statement is true only in a very general 
way. The inhibition curves suggest that the in- 
do not affect the 
directly as they affect synthesis. The slow develop- 
of inhibition is consistent with the 
that these the 
accumulation of inhibitory metabolites within the 
cell. This interpretation is supported by the fact 
that the 
monium salts is almost identical with that produced 


hibitors catabolic process as 


ment more 


assumption substances cause 


inhibition curve obtained with am- 


by azide or chloramphenicol. 
When we come to consider the breakdown of 


protein in growing bacteria the question of 
equilibration is again of importance, for it is 
possible that the leucine carrier is utilized for 


growth as rapidly as it enters the cells, so that it 
can no longer trap any labelled leucine that may be 
released. This is probably not the case, because the 


results for growing bacteria obtained by this 
method agree qualitatively and quantitatively 


with those obtained by Koch & Levy (1955). These 
authors, using a method which does not depend 
upon equilibration between extracellular and intra- 
cellular amino acids, reported that /. coli contained 
of the 
bacterial protein. This component was degraded in 


the first 


90 
to 2 oO 


a labile component equivalent 
2 hr. of growth, after which no further 
In the 
present experiments the labile material was usually 
but de- 
for The 


this period 


breakdown of protein could be detected. 


KO 


(about 3:5%) again 


2 hr. 


somewhat higher 


gradation had ended after growth 


degradation observed during might 


be due to a small proportion of non-growing 
Bi 


cells in the population. From Fig. 5 it will be 
seen that breakdown of protein took place most 
when the bacteria 
the experi- 
(1954) 
(1955) even this limited turnover 


of different 


rapidly during the first 30 min. 
lag 
Rotman & 


Hogness et al. 


were in the phase of growth. In 


ments of Spiegelman and 


was not detected, possibly because 


conditions of growth. 
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The finding that stable ir 
growing than in non-growing cells has been shown 
to 


(1958) has reported very similar results in yeast, 


proteins are more 


to apply other micro-organisms. Halvorsor 


and KR. Urbaé (personal communication) _ has 
shown that in growing cultures of B. cerey 
protein breakdown occurs at the rate of 1%/hn 


whereas it is about 8%/hr. in non-growing 
cells. 

The difference in the rate of protein breakdown in 
growing and non-growing cells could be explained 
in several ways. Thus non-growing bacteria may 
produce some substance, e.g. enzyme or cofactor, 
needed for hydrolysis of protein. This is improbable 
because the mechanism for degrading protein 
appears to be present and fully active immediately 
bacterial growth is prevented. The alternative 
possibility is that the bacteria always possess 
a mechanism for degrading protein but. that 
during growth some metabolite is formed which 
inhibits its action. The findings which have 
already been discussed make this the more likely 
alternative. 

Whatever the explanation may be, it appears that 
the cell proteins, which are in some way protected 
during active growth, are rendered labile when the 
bacteria are starved. The ensuing breakdown ana 
resynthesis ensures a sufficient flow of material 
through the free amino acid pool to allow the 
bacteria to synthesize inducible enzymes that may 
be useful in the changed chemical environment. It 
has been shown that the turnover process accounts 
satisfactorily for the adaptive production of - 
galactosidase under conditions in which no net 
synthesis of protein is possible (Mandelstam, 
1957). 

From the data available it is not possible to tell 
whether in all cells of a non- 
growing population or whether all proteins are 
however, 


turnover occurs 


involved. A number of observations, 
make it likely that bacterial proteins will be found 
to differ considerably in lability. The 
experiments show that f-galactosidase is relatively 


present 


stable under conditions where other proteins in the 
same bacteria are being rapidly degraded. Nitrat- 
and tetrathionase are also stable in non- 
growing cells (Wainwright & Pollock, 1949) and so 


is lysine apo-decarboxylase (Mandelstam, 1954). 


ase 


It is moreover possible that proteins may be stable 
under some conditions of starvation but not under 
others. A the 
protein of 2. coli which is destroyed during sulphur 
et al. 1955). In our experi- 


ments, the ethanol-soluble proteins were examined 


case in point is ethanol-soluble 


starvation (Roberts 
and found to be stable during nitrogen starvation. 
The solution of this problem requires the examina- 
tion of a number of characterized proteins under 
different conditions of protein turnover. 
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SUMMARY 


1. Methods are described for the 


protein turnover in Escherichia coli by the use of 


strains with specific amino acid requirements. 
2. In rapidly growing cells there- was no detect- 


able turnover of protein; in non-growing cells 
degradation and resynthesis of protein proceeded 
at the rate of 4-5 %/hr. for several hours. 

3. Chloramphenicol, azide and ammonium salts 
inhibited protein breakdown after a latent period. 
The effect of 2:4-dinitrophenol was variable. 

4, Protein turnover could not be attributed to 
lysis of cells. 

5. The possible function of protein turnover in 
bacterial metabolism is discussed. 


I wish to thank Dr J. Monod and Dr P. H. A. Sneath for 
leucine-requiring strains of HZ. coli and I am greatly in- 
debted to Miss R. Coyle for invaluable technical assistance. 
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Further Studies on the Inhibition of Acetate Metabolism by Propionate 


By R. J. 


PENNINGTON 


anD J. M. APPLETON 


Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 11 December 1957) 


It has been shown previously (Pennington, 1957, 
and independently by Masoro, Felts, Panagos & 
Rapport, 1957) that acetate metabolism in rat-liver 
slices is strongly inhibited by propionate and, to a 
lesser extent, by other short-chain fatty acids. 
These investigations did not reveal the mechanism 
of the inhibition. The formation of “CO, from 
[2-“C]pyruvate was much less affected by pro- 
pionate than was its formation from [carboxy-!C}- 
that 


propionate (or a produet of propionate metabolism) 
] 


acetate (Pennington, 1957), thus indicating 
inhibits acetate metabolism by blocking the forma- 
tion of acetyl-coenzyme A. It seems likely, how- 
ever, that other interactions are also involved, since 
Masoro et al. (1957) found that the incorporation of 
isotope from labelled acetate into higher fatty acids 
was inhibited by propionate to a lesser extent than 
the incorporation of isotope into carbon dioxide. 
This was confirmed by the present authors (un- 
published work). 





As a step towards elucidating the mechanism of 
the inhibitory action of propionate, further experi- 
ments have been earried out with homogenates and 
soluble preparations from liver. 


EXPERIMENTAL 


Preparation and incubation of tissue slices. Tissue slices 


were cut by hand and incubated as described previously 
(Pennington, 1957). To facilitate approximate comparison 


with the activity of the homogenates (which usually 
of wet tissue) the re 


corresponded to 100 mg sults obtained 


with slices were corrected to 20 mg. (dry wt.). 


Preparation of homogenates. These were prepared by 


homogenizing the tissue in 9 vol. of 0-25M-sucrose fot 
2 min. in a glass homogenizer. The clearance between the 
walls was about 0-1 mm. and the pestle was driven by a 
sis h.p. motor; the specified speed of the motor (without 
load) was 2000 rev./min. and it was set at about two- 


thirds of its maximum speed, The tube was immersed in 


ice—water during the process. 
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Preparation of mitochondria. Homogenates, prepared as 
above, were centrifuged at 600g for 10 min. to remove 


larger particles. The supernatant was centrifuged at 
12 000 g for 15 min. and the mitochondria were resuspended 


in 0-25m-sucrose (one-half of the volume of the original 
homogenate). The centrifuging and resuspending were 
repeated twice. 

Incubation of homogenates or mitochondria. The vessels 
usually contained: potassium phosphate buffer (pH 7-2), 
10mm; NaHCO,, 10mm; MgCl,, 4mm; adenosine tri- 
phosphate (ATP), mm; cytochrome c, 0-013 mM; potassium 
fumarate, mm. The total volume was 3 ml., including 1 ml. 
of the tissue preparation. Sufficient sucrose was added to 
ensure that the medium, after the addition of the tissue 
preparation, was isotonic with 0-25m-sucrose. The gas 
phase was O, 
38° for 1 hr. 
variations from the above procedure are indicated in the 
tables. 


CO, (95:5), and the vessels were shaken at 
Further additions to the medium and any 


The 


collection of “CO, and measurement of its radioactivity 


Measurement of acetate or propionate metabolism. 


(Pennington, 
In some experiments with homogenates or mito- 


were carried out as described previously 
1957). 
chondria the quantity of “C trapped in metabolic pools was 
also measured, a procedure similar to that of Aisenberg & 
Potter (1955) being used, involving determination of the 
non-volatile radioactivity in the protein-free filtrate. 

In a few experiments the radioactivity in acetoacetate 
[C,»);4)] Was measured as previously described (Pennington, 
1957). 


Experiments with cell-free extracts. Acetone-dried 
powders were prepared, extracted and aged according to 


Kaplan & Lipmann (1948). The following medium was 


amino-2-hydroxymethylpropane-1:3-diol-HCl buffer (tris), 
0-2m (a 1-5 solution of this buffer was pH 8 at 38°); 
MgCl,, 10 mm; cysteine, 10 mm (a freshly prepared solution 


used for studying the acylation of sulphanilamide: 2- 


Table 1. 


Homogenates (representing 100 mg. wet wt. of liver) were incubated at 38 
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of cysteine hydrochloride, which was adjusted to approx. 
pH 8 with KOH, was used); ATP, 5 mM; sulphanilamide, 
0-4 mM; NaF, 50 mm; coenzyme A, 0-05 mm. The appro. 
priate enzyme preparation and fatty acid or acids were also 
present; the concentration of each fatty acid was 10 my. 
The total volume was 1-5 ml. The mixtures were incubated 
for 2 hr. at 38° and the remaining free sulphanilamide was 
determined on a trichloroacetic acid filtrate by the method 
of Bratton & Marshall (1939). 

Materials. ATP (ecryst. disodium salt) and coenzyme A 
(approx. 75% pure) were products of Sigma Chemical (o., 
St Louis, Mo., U.S.A. 

Each result given in the tables represents the average 
obtained from two vessels. The tissue used in each numbered 
experiment, except in Tables 5 and 6, was obtained from a 
single animal, 


RESULTS 
Table 1 shows that the conversion of the carboxy! 
group of acetate into CO, by rat-liver homogenates 
was inhibited by propionate. The inhibition was 
that 
slices (Pennington, 1957) and was, in fact, almost 


even greater than previously observed in 
complete when the concentration of propionate was 
only one-tenth of that of acetate. The incorporation 
of isotope into acetoacetate was inhibited to a 
similar degree. Butyrate also inhibited the pro- 
duction of “CO, from acetate but less effectively 
than propionate; this was found also with slices 


(Pennington, 1957). 


Aisenberg & Potter (1955) found that when 
[carboxy-“@C acetate was metabolized by kidney 
homogenates in the presence of fumarate and 
pyruvate a considerable amount of MC was 


trapped in acid-soluble non-volatile compounds. 


Effect of propionate and butyrate on oxidation of acetate by rat-liver homogenates 


for L hr. in the medium described in the 


Experimental section, with the addition of [carbory-“C]acctate (0-01m except in the last two tests in Expt. 4, when the 
concentration was 0-05). Propionate or butyrate was added (as salts of potassium) where indicated. In Expt. 1 the 
cytochrome c, NaHCO, and CO, were omitted and the centre well of the flask contained KOH. 


Expt. Addition 
no. (m) 
l None 
Propionate (0-01) 
2 None 
Propionate (0-01) 
3 None 
Butyrate (0-01) 
4 None 
Propionate (0-01) 
Propionate (0-003) 
Propionate (0-001) 


Propionate (0-0003) 


Propionate (0-0001) 


None 
Propionate (0-003) 


* 


Labelled C (wg. atoms) in 


Acetoacetate Non-volatile 


CO, [Ceca] compounds* 
2-97 0-43 — 
0-01 0-001 — 
3-60 

0-03 

4-17 2-30 
0-37 0-39 
3°83 0-47 
0-04 0 
0-03 0 
0-07 0-05 
0-20 0-03 
3°07 0-45 
4-()2 0-46 
0-17 O-14 


Present in protein-free filtrate: see text. 


{ 
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Table 2. 


INHIBITION OF ACETATE METABOLISM BY PROPIONATE 


Effect of propionate on oxidation of pyruvate by rat-liver homogenates 


Conditions were as in Table 1, except that [2-C]pyruvate (concen. as indicated) was present instead of labelled acetate. 


Conen. of 


atoms) in 


e 


Labelled C (pg. 


Expt. [2-“4C]pyruvate Addition Acetoacetate 
no. (mM) (mM) CO, [Cyo)-14y] 
] 0-01 None 2-24 
Propionate (0-01) 0-88 
2 0-01 None 4-48 
0-01 Propionate (0-001) 2-41 
0-01 Propionate (0-01) 1-65 
0-01 Propionate (0-04) 4-93 
0-0025 None 3-56 - 
0-0025 Propionate (0-01) 51 
0-0025 Propionate (0-04) 3°32 
3 0-01 None 3°18 0-25 
0-01 Propionate (0-01) 0-77 0-01 
0-01 Propionate (0-04) 1-34 0-01 
0-01 Acetate (0-01) 2-91 0-25 
0-01 Acetate (0-04) 2-94 0-44 


In the present experiments, the relative quantity of 
4C thus held varied rather widely between experi- 
ments, but in any one experiment, as shown in 
Table 1, it roughly paralleled the amount appearing 
in the CO,. 

Other results, not reported, showed that when 
fumarate was omitted from the medium, the oxid- 
ation of acetate was decreased to about one-fifth; 
the 
with the 
kidney 


again, there was negligible oxidation in 


presence of propionate. In contrast 


stimulation of oxidation of acetate in 
homogenates by pyruvate, reported by Aisenberg 
& Potter (1955), the addition of pyruvate (mm) did 
acetate, either in the 


In Expt. 1 the 


not increase oxidation of 
presence or absence of fumarate. 
uptake of O, was aiso measured. In the absenée of 
propionate its rate was practically constant, but 
where propionate was present it progressively 
decreased and, at the end of the 60 min. period, was 
only about one-tenth of the original rate. 

The incorporation of the C.. of pyruvate into 
CO, was affected by propionate to a much smaller 
extent than the oxidation of acetate (Table 2), as 
was previously observed when slices were used 
Rather unexpectedly, 0-04M- 


propionate had very much less effect than 0-01 M- 


(Pennington, 1957). 


propionate. On the other hand, acetoacetate forma- 
tion from pyruvate was almost completely sup- 
pressed by propionate. Acetate had little effect on 
for increase in 


pyruvate metabolism, except an 


acetoacetate formation at the higher 
acetate. 

It was previously observed that the propionate- 
induced inhibition of acetate oxidation was much 
less marked in sheep- than in rat-liver slices. An 


(Table 


Subsequently, 


experiment with ox-liver slices 3) also 


showed a relatively small effect. 
large variations have been found in the magnitude 


level of 


of this effect of propionate in different experiments 
with sheep-liver slices, but in only one instance has 
the degree of inhibition been as large as the smallest 
effect 
inhibition caused by propionate was higher when 


obtained with rat-liver slices. The relative 
sheep liver was homogenized (Table 3). Pigeon- 
liver slices and homogenates showed a relatively 
small effect of propionate (Table 3). The relative 
effect of propionate in rat-kidney homogenates 
(Table 3) was much less than that obtained with 
rat-liver homogenates (Table 1). 

Potter (1955) 
that acetate metabolism by kidney homogenates is 


The observation of Aisenberg & 


stimulated by pyruvate, even when furmarate is 
present, was confirmed. It was noted also that the 
rate of uptake of O, declined much more rapidly 
when pyruvate was omitted. 

Cytochrome c¢ was not included in the medium in 
the experiments of Table 3 except in Expt. 8. It 
was, however, found in separate tests that pro- 
duction of “CO, from [carboxy-“C]acetate by rat- 
kidney and _ sheep-liver homogenates was_ in- 
creased 20-30% by the inclusion of cytochrome c¢ 
(0-013 mM). 

It was of interest to know whether propionate 
itself was rapidly oxidized by these preparations. 
Table 4 summarizes the results obtained. The oxid- 
ation of propionate by rat-liver homogenates was 
extremely slow; it appears that, unlike the oxid- 
ation of acetate, the rate of oxidation of propionate 
by rat liver is greatly decreased when the cells are 
Addition of A (0-1 mm™) 


did not increase the rate of oxidation of propionate 


broken down. coenzyme 
by rat-liver homogenates. The oxidation of pro- 
pionate by rat-kidney homogenates was also very 
slow, but the activity of sheep- and pigeon-liver 
much more nearly 
Other 


homogenates in this respect 


that of slices. results, not 


approached 








R. J. PENNINGTON AND J. M. APPLETON 1958 } Vol. 
Table 3. Effect of propionate on oxidation of ace tate by rat kidney and by livers of other animals 


Homogenat ere incubated as in Table 1 except that: cytochrome ¢ was omitted exce pt in Expt. 8; Ct ), and N \aH( 


were omitted it KOH was present in the centre well) where indicated (*); pyruvate (mM) was included in the medium i 


Expt s. land 2. Homogenate from 100 mg. of tissue was used, except in Expt. 1 when 50 mg. was used. Slices were incu aceto! 


bated as described previously (Pennington, 1957); 600 mg. (wet wt.) of slices was used, the total volume of medium was 





3 ml. and the results are corrected to 20 mg. (dry wt.) of slices. Incubation was for 3 hr. in Expt. 6 and 1 hr. in all other 


experiments. The concen. of [carbory-“C]acetate was 0-01 in all flasks. 


Propionate Labelled Acetate 
Expt. Nature of (0-01 mM, where C in CO, used 
no. Tissue preparation present) (ug. atoms) (moles) 





] Kidney (rat) Homogenate - 1-2 
+ 0-21* 


2 Kidney (rat) Homogenate ~ 1-69* 8: 
+ 0 74* 6 
1-92 
39 


3 Liver (sheep) Homogenate - 0-262* 
' 0-007* 
4 Liver (sheep) Homogenate - 0-69 
0-015 
Slice ~ 0-65 
+ 0-04 


Co 
5 Liver (sheep) Homogenate ~ 0-62 
0-095 


pige ( 


remc 
Slice ~ 0-58 amid 
radic 
6 Liver (ox) Slice - 2-26 2-88 

O-S5 1-86 
[c¢ 


~I 


Liver (pigeon) Homogenate ~ 0-47 [ee 
[c 
Slice - 0-S8 1-44 {er 


0-41 0-52 


8 Liver (pigeon) Homogenate - 2-20 


acel 


Che 


Table 4. Oxidation of propionate by tissue included in the table, showed that the rate of pro- pre 


preparations duction of "CO, from [carboxy-“C]propionate by use 


ox or pigeon live ‘Yr was not appreciably altered by ace 


Homogenates (100 mg. of tissue) were incubated as in 


fable 1, except that [carbory-“C]propionate was present the presence of an equimolar concentration of wel 


instead of labelled acetate. Cytochrome ¢ was omitted in acetate. | am 
Expts. 3-5 and CO, and NaHCO, were omitted in the first Effect of propionate in cell-free extracts. The |; cen 


test in Expt. 3. (Expts. 3, 4, 





, 6, 7 and 8 were performed marked difference between the effects of pro- live 


Ho 


fre 


< 4 r+ » ry > 7 ar “> rete r Te , § 4 

as part of Expts. 2, 4, 5, 6, 7 and 8 respectively, Table 3.) pionate on acetate and pyruvate metabolism in rat- 
Che results of the experiments with slices are corrected to ]iver homogenates made it appear likely that 

20 mg. (dry wt.). . : . . 

. Labelled propionate blocked the formation of acetyl- am 

Expt. Nature of C in CO, coenzyme A from acetate. To attempt to confirm 

no. lissue preparation (ug. atoms) this and investigate the nature of the inhibition, 
] Liver (rat) Homogenate 0-18 the effect of propionat >on the acetylation of sulj h- 


2 Liver (rat) Homogenates 0-08 anilamide by co-tnee liver preparations was 


3 Kidney (rat) Homogenate 0-20 measured. Such acetylation is usually very feebl 


Home vate 0-29 in rat liver, and therefore an aged extract of rat- 





4 Liver (sheep) Homogenate 0-78 liver acetone-dried 


powder, together with an 
acet ne -precipstated Erection of pigeen-liver exe 
5 Liver (sheep) Homogenate 1-30 contaiming the amine-acetylating enzyme, but free 

Slice 1-57 ' 


6 Liver (ox Slice 4-60 


from acetic thiokinase, was used. The amount of 
the pigeon-liver fraction used was sufficient to give 
7 Liver (pigeon) Slice 1-70 the maximum acetylating activity obtainable with 


8 Liver pigeon) Homoge 


1ate 1-06 the quantity of the rat-liver extract present. The 








LHCO 
ium i 


incu 


m was 
other 


1955 








Table 5. 


Acylation was measured after incubation of the prepa 


amounts used were: pi 





sec 


acetone fraction pigeon-liver extract), 0- 


Kixpt. 


no. Acylating system 

I Pigeon-liver extract 

2 Rat-liver extract 
pigeon-liver fraction 

3 Rat-liver extract 


pigeon-liver fraction 


Table 6. Effect of propionate on acetylation of 


sulphanilamide by acetate 


Conditions were as in Table 5. The rat-liver extract and 
After 
removal of the unused labelled acetate, the acetylsulphanil- 


pigeon-liver fraction were used. incubation and 


amide was hydrolysed and the resulting steam-volatile 
radioactivity was measured. 
14 recovered 


Fatty acid added (counts/min.) 


[carboxy-"C]Acetate 145 
{carboxy-“@C]Acetate 27* 
[carboxy-4C]Acetate + propionate 97 
[carboxy-“"C]Acetate + propionate L5* 


* Sulphanilamide was omitted. 


acetone fractionation was carried out according to 
Chou & Lipmann (1952) and the fraction which 
precipitated at between 50 and 60 % 
This 


acetylate sulphanilamide. Initially, some attempts 


of acetone was 
did 


Oo 


used. fraction, when used alone, not 


were made to use chicken liver as a source of the 
amine-acetylating enzyme. A higher acetone con- 


centration (60-75 %) than is effective with pigeon 
liver was necessary to precipitate the enzyme. 
However, although the fraction obtained thus was 


the amount of the 


amine-acetylating enzyme present in chicken liver 


free from acetic thiokinase, 


was only about one-quarter of that found in pigeon 


liver and the latter was used for the experiments 


u's 


reported. The amine-acetylating enzyme appe: 


to be absent from sheep liver, since sheep-liver 


sulphanilamide 


sulphanilai 


slices failed completely to acetylate 


Table 5 shows [ 
DY pig 


that acylation of 





on-liver extract or the. combined prepara- 


tions was obtained in the presence of propionate as 
] 





well as of acetate. 


Hence, to determine t fect of 
propionate on acetylation, it was necessary to 
distinguish between acylation from acetate and 
propionate where both are present. To do this, 


unlabelled 


and 


fare ‘ ° 
lcarboxy-4C acetate propionate 
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rations for 2 hr. 


r extract, O-25 





BY PROPIONATE 


Acylation o] sulphanilamide by liver pre parat ions 


| ‘ 
it 38° in the 


O-l ml.; 


medium described in the Experimental 


pigeon-liver fraction (50-60 %, 


ml.; rat li er extract, } 


inilamide 
ted 


{umole ) 


Sulph 
acy! 
Fatty acid added 


None 0-102 
Acetate 0-345 
Propionate 0-186 
Butyrate 0-120 
None 0-030 
Acetate 0-178 
Propionate 0-120 
None 0-063 


0-276 


Acetate 
Propionate 
Acetate + propionate 





After incu- 
bation, the protein was precipitated with Ba(OH), 
+ ZnSO, and the filtrate evaporated to about 1 ml. 
(1 ml., 0-2mM), 
g.), acetic acid (0-25 ml., 


were used in the incubation mixture. 


Potassium hydrogen 

MgSO,,7H,O (about 2 
2N) and bromophenol blue were added, the mixture 
adjusted to pH 3-8-3-9 rapidly 
distilled in a Markham still. When at least 95% of 
the acetic acid had distilled over (about 75 ml. of 


phthalate 


and steam- 


distillate) a further 0-25 ml. of acetic acid was 
the 
experiments showed that acetylsulphanilamide was 


added and distillation repeated. Separate 
hydrolysed to only a slight extent by this procedure. 
The liquid was removed from the still and H,SO, 
added to a concentration of approx. N. It was 
heated under reflux for 1 hr. in boiling water to 
hydrolyse the acetylsulphanilamide. The liquid was 


then steam-distilled and the distillate neutralized, 


evaporated to dryness and its radioactivity 
measured. The weight of the residue was not large 
enough to necessitate a correction for self-ab- 


sorption. Table 6 shows the results obtained. The 
recovered was relatively 
the 


amount of radioactivity 


small when sulphanilamide was omitted from 


incubation mixture. It may be seen that the ef 


of propionate on acetylation, as measured by the 


recovery of radioactivity, was small compared with 


the effect of pr ypion ite on oxidation of acetate b 


rat-liver homogenates. 


It seemed possible that the marked difference 


between the effects of propionate on acetate meta 


bolism in homogenates and the 


might be due to the addition of an ac 


amount of coenzyme A to the latter. Consequently, 





the effect of coenzyme A on oxidation of 
genates in the presence of 


(Table 7) 


A consistently 


rat-liver hom 
idied 


that « 


acetate by 


propionate was st 
in- 


It is evident enzyme 


creased the production of “CO, from the labelled 


acetate in the presence of propionate. The effect, 
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Effect of coenzyme A on inhibited acetate oxidation 


Conditions were as in Table 1, except in Expt. 2, when homogenate from only 50 mg. of tissue was used and the total 
vol. was 1-5 ml. The conen. of [carboxy-“C]acetate was 0-01 in all flasks. 


Expt. Inhibitor 
no. (mM) 
l None 
Propionate (0-01) 
None 
Propionate (0-01) 
None 
Propionate (0-01) 
2 None 
Propionate (0-01) 
None 
Propionate (0-01) 
None 
Propionate (0-01) 
Sutyrate (0-01) 
Butyrate (0-01) 
3 None 
Propionate (0-01) 
None 
Propionate (0-01) 
None 
Propionate (0-01) 
None 
Propionate (0-01) 
4 None 


Propionate (0-001) 
Propionate (0-001) 


Additional coenzyme A 


Table 8. 


Conditions were as in Table 1. Mitochondria from 400 mg. 
acetate was 0-01 M. 
Expt. 
no. Addition 
I None 


Propionate (mm) 
Propionate (mM) 


coenzyme A (0-1 mM) 


2 None 
Propionate (10 mm) 


however, was small compared with the inhibition 
produced by propionate and decreased when con- 
f 0-1 mM 


centrations of greater than 
were used. Coenzyme A had a similar effect on the 


coenzyme A 


amount of “C trapped in the tissue metabolites. In 


the absence of propionate, coenzyme A had no 
consistent effect on the production of “CO, from 
acetate, although it invariably increased the 


amount of C trapped. [Coenzyme A (0-1 mm) also 
increased the gas uptake by about 50%, although 
difficult to interpret the 
represents the excess of O, consumption over CO, 


this is since uptake 


production. | 


Table 8 shows that the inhibition of acetate 


g. atoms) in 


Labelled C (yg. 





, en 
Coenzyme A Non-volatile 
(mM) compounds 
0 2-30 
1) 0-04 
0-05 2-99 
0-05 0-38 
0-10 3°38 
0-10 0-64 
0 
0 
0-10 
0-10 
0-10* 
0-107 
0 
0-10 
0 2-58 0-35 
0 0-03 0 
0-10 2-77 0-56 
0-10 0-20 O-15 
0-20 2-96 0-65 
0-20 0-15 0-10 
0-30 2-36 0-79 
0-30 0-11 0 
0 4-87 2-17 
0 0-12 0-15 
0-10 0-62 0-94 


(0-15 umole each time) was added after 15, 30 and 45 min. 


Effect of propionate on oxidation of acetate by washed mitochondria 


of rat liver were used in each flask; the conen. of labelled 


Labelled C (ug. atoms) in 
— — — 


Non-volatile 


CO, compounds 
7-68 3°55 
0-30 0-10 
0-63 1-52 
9-31 3°68 
0-07 O-15 


metabolism by propionate could be observed also 
when washed were used, and that 
coenzyme A caused a small increase in the inhibited 


rate. 


mitochondria 


DISCUSSION 


The conclusion from the previous work (Penning- 
ton, 1957) that propionate inhibits the formation 
of acetyl-coenzyme A from acetate appears to be 


substantiated by the data in Tables 1 and 2; 
the quantitative difference between the effects 
on acetate and pyrtivate metabolism were even 
larger than was found when liver slices were 


used. 


} 
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Such an action of propionate is not supported by 
the relatively small inhibition of acetylation ob- 
tained with the soluble preparations. It is, how- 
ever, not necessarily excluded by this result; two 
possibilities might be suggested. Inhibition may be 


caused, not by propionate, but by a metabolite of 


propionate such as propionyl-coenzyme A, which 
may occur in much higher concentration at the 
active enzyme site in the mitochondria than is 
attained in the soluble system. The relatively slow 
oxidation of propionate by rat-liver homogenates 
may result in the accumulation of an intermediate 
in greater concentration than would occur if the 
propionate proceeded 


metabolism of normally. 


A second possibility is suggested by the work of 


Aisenberg & Potter (1956), who found that activa- 
tion of acetate by the enzyme in rat-kidney mito- 
chondria was more sensitive to fluoride than was 
the 
conceivable 


activation by the enzyme in supernatant 
of the that a 
parallel situation occurs in rat liver, i.e. that the 


fraction cells. It is 
cell contains two acetic thiokinases and the one 
within the mitochondria is more susceptible to 
inhibition by propionate. The present results could 
then be explained if, of the two, only the mito- 
chondrial enzyme were linked with the enzymes of 
the Krebs cycle. Both of these possibilities should 
be open to testing. 


SUMMARY 


1. The 
labelled acetate by 
almost completely abolished by propionate in only 
the the 


production of “CO, from carboxyl- 


rat-liver homogenates was 


one-tenth of concentration of acetate. 
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Butyrate was a less powerful inhibitor of oxidation 
of acetate. 
2. The 


affected to a much smaller extent by propionate, 


oxidation of [2-“C]pyruvate was 
although the incorporation of isotope into aceto- 
acetate was largely suppressed. 

3. Oxidation of acetate was strongly inhibited 


by propionate in sheep-liver homogenates; in 
pigeon-liver homogenates the inhibition was much 
less. 

4. The oxidation of propionate by rat-liver 


homogenates was much slower than its oxidation 
by sheep- or pigeon-liver homogenates. 

5. The acetylation of sulphanilamide by a rat- 
liver extract, together with an acetone fraction of 
the amine-acetylating 
enzyme, was inhibited to only a relatively small 


pigeon liver containing 
extent by propionate. 

6. The very low rate of oxidation of acetate by 
rat-liver homogenates in the presence of propionate 
was increased by the addition of coenzyme A. 
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Connective Tissue Growth Stimulated by Carrageenin 


3. THE NATURE AND AMOUNT OF 
AND SCORBUTIC GUINEA 


POLYSACCHARIDE 
PIGS AND THE METABOLISM OF 


PRODUCED IN NORMAL 


A CHONDROITIN SULPHURIC ACID FRACTION* 


By i. &. 


B. SLACK 


Rheumatism Research Centre, University of Manchester 


(Received 11 October 1957) 


It is well known that new connective tissue formed 
during the repair of wounds in scorbutic animals is 
abnormal histologically and in other respects, e.g. 
the tensile strength of this repair tissue is much 
less than that formed when adequate amounts of 
ascorbic acid are available (Wolbach & Bessey, 


1942). Evidence of impaired collagen formation in 
the scorbutic tissue has been presented, e.g. 


* Part 2: Slack (1957). 


Robertson & Schwartz (1953), Kodicek & Loewi 
(1955), Dunphy & Udupa (1955). Abnormalities in 
the acid- 
deficient repair tissue have also been the subject of 


the mucopolysaccharides in ascorbic 
a number of reports during the past few years, but 
the exact nature of these changes, qualitative and 
quantitative, is incomplete and still the subject of 
some dispute. Persson (1953) found more hexos- 
amine in scorbutic tissues than in normal tissues. 
Dunphy & Udupa (1955) also refer to increased 
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mucopolysaccharide in scorbutic granulation tissue. 


On the other hand, Kodicek & Loewi (1955) report 


similar hexosamine contents in normal and 
scorbutie repair tissue and Ludwig (1954) also 
found no difference in hexosamine content in new 


both normal and scorbutic 


Reddi & Norstrém (1954) reported a 


retrobulbar tissue in 
guinea pigs. 
diminished uptake of **S in scorbutic cartilage which 
has been confirmed by Kodicek & Loewi (1955). 
On the basis of histochemical studies Bradfield & 
Kodicek (1951) have postulated the presence of an 
abnormal non-sulphated 
Gersh & Catchpole (1951) 
the observed changes indicated a 


mucopolysaccharide in 
scorbutie skin wounds. 
considered that 


depolymerization of glycoproteins. 


Robertson & Hinds (1956) report on a study of 


the mucopolysaccharides formed in granulation 
tissue resulting from the injection of carrageenin 


into guinea pigs. They found that the granuloma 


tissue forming in scorbutic guinea pigs contained 
about five times as much mucopolysaccharide as 
did the tissue produced in animals adequately 


The 


polysaccharide which accumulated in the scorbutic 


supplied with ascorbic acid. predominant 


granuloma tissue gave highly viscous solutions, 


suggesting a high degree of polymerization. The 
authors state that this polysaccharide was isolated 
and identified as hyaluronic acid, but sufficient 
experimental details to support this statement are 
not given in the paper. In a series of investigations 
the the 
granulation 


into pathology and biochemistry of 


tissue formed 
carrageenin injections into guinea pigs [cf. Jackson 
(1957), Slack (1957), Williams (1957)] the formation 
of collagen and mucopolysaccharides has now been 
studied in this newly formed connective tissue in 
scorbutic guinea pigs. The present paper reports the 
separation and analysis of some polysaccharide 
fractions from these 


earrageenin granulation 


tissues in normal and scorbutic animals, and 
extends the interesting observations of Robertson 
& Hinds (1956). 

Some information has been obtained about the 
35S -labelled into the 


sulphated polysaccharides of the granulomata in 


incorporation of sulphate 
scorbutic animals as compared with that in normal 
animals. At the same time the incorporation of 
labelled sulphate into the chondroitin sulphate of 
rib cartilage in the two groups of animals has been 
determined for comparison with that from the 
granulomata and with material isolated by Reddi 
& Norstrém (1954). 


EXPERIMENTAL METHODS 


Treaiment of animals 
350 
Considerable difficulties were en- 


\'bino guinea pigs of both sexes, weighing betwéen 
and 450 g., 


were used. 





H. G. B. SLACK 


under the stimulus of 





countered in arranging satisfactory experiments in which 
groups of guinea pigs on a diet with adequate ascorbic acid 
intake could be matched with guinea pigs which had be- 
come demonstrably deficient in vitamin C and which had 
been injected with carrageenin at the same time as the 
non-scorbutic group: a series of experiments was attempted 
first with diet no. 18 (Bruce & Parkes, 1946). 
animals this was supplemented by hay and greens, and 


For normal 


ascorbic acid; the ‘scorbutic’ animals received only the 
diet. These experiments proved quite unsatisfactory since 
we found great variations in the ascorbic acid contents of 
the commercial supplies of diet no. 18, which made it 
impossible to obtain groups of guinea pigs with a reasonably 
uniform state of scorbutus at predictable time intervals. 
Some animals were kept for many months on diet no. 18 
only, and on this diet grew normally and remained in 
apparent good health. A satisfactory routine was eventu- 
ally established with a diet described by Kodicek & Loewi 
(1955). This 
meal 215 ¢., bran 130¢., dried yeast 80 g., salt mixture 


consisted of Sussex ground oats 525 g., fish 


20 g., given ad libitum. In normal animals the diet was 
supplemented by regular greens and ascorbic acid (50 mg. 
every other day from the time of injection of carrageenin). 
Not all groups of guinea pigs will eat this diet freely and it 
was found preferable to present the mixture to the animals 
in pellet form in order to ensure an adequate intake of 
protein. With guinea pigs weighing 350-450 g. satisfactory 
growth curves are obtained with ascorbic acid supplement 
(or Without 


vitamin C deficiency 


greens). greens or ascorbic acid a state of 


was reached in 7 days, as judged b 


a slowing down of the rate of increase in body weight, 
depletion of the adrenal ascorbic acid level and general 
appearance of the animals. In these experiments the groups 
of scorbutic guinea pigs were left 7 or 10 days without 
greens or ascorbic acid before injection of carrageenin. 
After the injection of 5 ml. of a 1% solution of carrageenin 
in 0-9% NaCl subcutaneously into the lower abdominal 
region under ether anaesthesia, the scorbutic guinea pigs 
generally survived a further 14 days. Longer term experi- 
ments became difficult because of the rapidly mounting 
death rate from ascorbic acid deficiency after 21 days. 
Older 
deficiency more slowly and at much more 


animals developed demonstrable ascorbic acid 
variable indi 
vidual rates. 

The animals were killed by ether inhalation. The ab 
dominal skin was then peeled back, the mass of new con 
nective tissue was dissected free from the abdominal and 
chest wall, macerated with scissors, crushed after freezing 
in liquid nitrogen, and weighed. 


Isolation of mucopolysaccharide fractions 


All extractions were carried out in the presence of octan- 
2-ol as preservative. 

The first step in the extraction of the mucopolysac- 
charides consisted in digestion of the crushed granuloma 
tissue with papain for 24 hr. at 45°, as described previously 
(Slack, 1957). The granulomata from severa! animals at 
each interval of time were pooled as shown in Table 1. The 
cooled digest was then filtered through Filtercel (Johns- 
Manville Co.) which removed insoluble debris and free fat. 
giving a clear, straw-coloured filtrate with negligible loss of 
polysaccharides (chondroitin sulphate added to crude 
protein hydrolysates could be recovered quantitatively 
after filtration). After overnight dialysis against running 
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under 
vacuum to 20-25 ml. Solid KCl was added to give a final 
concentration of 1-2mM-KCl and a 
water of cetylpyridinium chloride (CPC) slowly added drop- 


water the filtrate was reduced in volume at 50 
1% (w/v) solution in 


wise, with shaking, until a persistent foam formed on the 
liquid surface, indicating excess of CPC. Under these con- 
ditions there is selective carrageenin 
without loss of CPC complexes of less highly sulphated 
polysaccharides (Scott, 1955). After standing at 30° for at 
ieast 2 hr. or overnight, the CPC—carrageenin complex was 


precipitation of 


centrifuged down at 500g for 15 min. and discarded. The 
supernatant was then dialysed thoroughly, first against 


tap water overnight and then against several changes of 


41. of distilled water for 48 hr. The volume of the diffusate 
was again reduced to 20 ml. under vacuum and adjusted to 
(005m concentration of sodium borate. Cetylpyridinium 
chloride (1%, w/v in water) was then slowly added to 
excess and the mixture allowed to stand for 2 hr. or more 
at 30°. Almost complete precipitation of all tissue poly- 
saccharides was obtained under these conditions as CPC- 
borate complexes, and these were centrifuged at 1500 g. 
{ small proportion of hyaluronic acid remained in the 
supernatant after centrifuging and this was recovered by 
thorough dialysis against distilled water containing 0-01% 
CPC; the dialysis required several days, with twice-daily 
changes of 4 1. of glass-distilled water containing CPC. The 
total CPC—borate—polysaccharide complexes first precipi- 
tated were now dissociated by shaking with 10 ml. or so of 


Granuloma 


POLYSACCHARIDES IN SCORBUTIC GRANULOMA 
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methanol-saline at 30-37°. The methanol-saline consisted 
of equal parts (by vol.) of methanol, water and saturated 
NaCl solution and was used throughout this extraction 
procedure for releasing polysaccharides from their CPC 
complexes. After solution of the polysaccharide complexes 
in methanol-saline the free CPC was removed by shaking 
with fuller’s earth. The amount of fuller’s earth required 
was judged by the disappearance of persistent frothing on 
shaking the mixture, which indicated adsorption of all free 
CPC. The fuller’s earth was then centrifuged, and the poly- 
by the 
addition of 3 vol. of ethanol and standing overnight. The 
precipitated polysaccharides were dissolved in 10-15 ml. of 
water, dialysed a three changes, each of 41., of 


saccharides precipitated from the supernatant 


gainst 
distilled water and reprecipitated by 3 vol. of ethanol. The 
polysaccharides were centrifuged down after standing over- 
night, washed with ethanol-ether (50:50, v 
vacuo for 24 hr. over P,O,. The weight of this material, with 
the addition of a small amount of hyaluronic acid recovered 


v) and dried in 


above on dialysis, represents the total polysaccharide 
extracted by this procedure (Fig. 1, 7). Resolution of the 
polysaccharides into hyaluronic acid and chondroitin 
sulphate was then effected according to the scheme given in 
Fig. 1, cetylpyridinium chloride fractionation from solutions 
of known ion concentration being used. In 0-2m-Na,SO, 
there was complete inhibition of hyaluronic acid precipit- 
ation as the CPC complex. Addition of the CPC, as a 0-1% 
solution in 0-2mM-Na,SO,, was best carried out slowly with 


Digestion with papain 


Filtration and removal of carrageenin (discarded) 


Supernatant 1 


Precipitation of total polysaccharides with CPC in 0-005 m-borate 


Solution in methanol saline, removal of CPC 


Dialysis and precipitation with ethanol (twice) 
| 


| 
Dried from ethanol-ether to give T'otal polysaccharides T' 


Solution in 0-2m-Na,SO, +CPC in stages to excess 
aan 


Supernatant 2 


Removal of CPC from 
both supernatants 1 and 2 


Supernatants pooled, dialysed 
very thoroughly, concentrated, 
redialysed 


CPC excess 


Precipitate: dissolved methanol-saline 
CPC removed, dialysed thoroughly 


Precipitate with 3 vol. of ethanol 





Redissolve in water; finally 
precipitate with 2 vol. of ethanol 


Dried from ethanol—ether 


Hyaluronic acid 


Fig 1. Fractionation of mucopolysaccharides. 





: 
Precipitate 
Solution in methanol-saline, removal of CPC 


Dialysis, precipitate with 3 vol. of ethanol 


{edissolve in water and finally precipitate 
with 2 vol. of ethanol 


Dried from ethanol—ether 


Chondroitin sulphate 


CPC, Cetylpyridinium chloride. 
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gentle shaking at 30° and in two or more stages, the mix- 
ture being set aside for 2 hr. or more on each occasion and 
centrifuged at each stage. This more readily ensured com- 
plete precipitation of the chondroitin sulphate complex 
since it was more certain that an adequate excess of CPC 
was present. Subsequent complete precipitation of the 
hyaluronic acid complex required very thorough dialysis 
the precipitation. The 
scheme given in Fig. 1, elaborated in collaboration with 
Dr J. E. 
attempt to separate keratosulphate if this were present. 


to prevent inhibition by salt of 
Scott, was extended in the experiments in an 


No polysaccharide soluble in 1% CPC, as is keratosulphate 
(Borelius, Gardell & Scott, 1958), was found. 

The chondroitin sulphate was further fractionated by in- 
creasing ethanol concentrations in the presence of calcium 
acetate 5% (w/v) and 0-5N-acetic acid (Meyer, Linker, 
Davidson & Weissman, 1953). 


Radioactivity experiments 


In all 


labelled sulphate was administered as Na,*SO, (Radio- 


Injection of sodium [*°S]sulphate. instances the 
chemical Centre, Amersham) dissolved in 0-9% NaCl at 
pH 6-8. The dose was approx. 1 wc/g. body wt., given in a 
single injection subcutaneously into the right thigh. 

The observed counts have been corrected for differences 
in administered dose *S/g. body wt. 

Measurement of radioactivities. Sulphate was liberated 
by hydrolysis from polysaccharide samples with aq. 25% 
(v/v) formic acid (98-100%) in sealed tubes at 100° for 
18-24 hr. The free sulphate was precipitated as 4-chloro- 
4’-aminodiphenyl sulphate. The precipitate was dissolved 
in I ml. (more if required) of absolute methanol and 
portions (0-025 ml.) were pipetted on to four disks of thin 
lens paper cut to fit the wells of 1 cm.? polythene counting 
After drying at 45° the planchettes were 
counted as negligible-thickness samples, as in the method of 
Henriques & Neuberger (1955), 
scaling equipment and a thin end-window tube being used. 
3y this method 0-005 yc of *S coprecipitated with amounts 
of 5-75 mg. of carrier sulphate gave, on the average, 
870 counts/min. (maximum observed, 890/min.; minimum, 
840/min.). With amounts of carrier sulphate between 75 


planchettes. 


Henriques, standard 





and 200 ug. the observed counts rose linearly from 870/min. 
to 970/min. Increasing amounts of *S coprecipitated with 
a standard amount (25,g.) of carrier sulphate showed a 
linear increase in recorded counts/min. from 40/min. for 
0-00025 uc of *S to 1600/min. for 0-01 wc of *S. Amounts 
of *S of the order of 10-*c are therefore detectable as 
giving about twice the background counts of 8-9/min. 


Chemical analyses 


Estimation of total hexosamines. These was done according 
to the method of Boas (1953). 

Separation and measurement of glucosamine and galactos- 
amine. In some of the analyses these were separated on 
Dowex 50 ion-exchange columns, as described by Gardell 
(1953), and determined. 

Estimation of hexuronic acid. The carbazole method of 
Dische (1947) was used, readings being taken at 535 my 
against glucuronic acid standards and known amounts 
of a highly purified sample of cartilage chondroitin 
sulphate. 


mn. G. SB. 


SLACK 


Optical rotations. These were kindly determined by 
Dr Barker, Department of Chemistry, University of 
Manchester. 

Measurement of sulphate. This was determined in samples 
of polysaccharides hydrolysed for 24 hr. in aq. 25% (v/y) 
formic acid (98-100%). The method has been developed 
from the use of 4-chloro-4’-aminodiphenyl, described by 
3elcher & Wilson (1956), to enable microgram amounts of 
sulphate to be determined, and details will be published 
elsewhere by Dr J. E. Scott. 4-Chloro-4’-aminodipheny] is 
superior to benzidine as a sulphate precipitant: it is much 
less subject to interference from other constituents in 
hydrolysates and the crystalline 4-chloro-4’-aminodipheny| 
sulphate precipitate ag 
very 
sulphate. In brief, the method consists in diluting portions 


gregates and comes down from the 
i 


solution much more readily than does benzidin 
of the hydrolysate approximately 1:10 with water and 
adding equal volumes of a 0-24% solution of 4-chloro-4’- 
aminodiphenyl hydrochloride in 0-05N-HCl. The precipita- 
tion is carried out in conical centrifuge tubes at between 
pH 1 and 2. 
overnight, the precipitate can be readily centrifuged down. 
The supernatant is decanted off carefully and the precipi- 
tate washed with water saturated with 4-chloro-4’-amino- 
diphenyl sulphate. After standing for $ hr. or so the washed 
precipitate is recentrifuged, the supernatant decanted and 
the tubes are allowed to drain. The precipitate is then dis- 
solved in a convenient volume of absolute methanol, e.g. 


After mixing and standing for a few hours, or 
oD a] 


10 ml., and the absorption read at 254 mp. Blanks are set 
up with similar amounts of 25% formic acid, diluted 1:10, 
and the 4-chloro-4’-aminodipheny! hydrochloride solution, 
and adjusted to between pH 1 and 2. Suitable standard 
sulphate solutions are prepared so that an absorption curve 
in the 
absorption at 254 my bears a linear relation to microgram 
amounts of 4-chloro-4’-aminodiphenyl! sulphate and shows 
an intense, sharp peak at this wavelength. This method of 
measuring sulphate is particularly useful in experiments 
with *SO,, since the radioactivity of the 4-chloro-4’- 
aminodiphenyl] solution in methanol can be determined at 
the same time, with a known volume pipetted onto a lens- 
paper disk and counted as a negligible-thickness disk. 
I have been informed by Dr S. L. Rose of Imperial Chemical 
Industries Ltd. that 4-chloro-4’-aminodipheny] is a most 
potent carcinogenic agent. Special care is therefore called 
for in using this reagent. 

Adrenal ascorbic acid. This was determined in adrenal 
tissue shortly after death, by the method described by 
Glick (1954). 

Nitrogen. The method of Chibnall, Rees & Williams 
(1943) was used. 


range 0-50yug. of sulphate can be plotted. The 


RESULTS 


Before considering the results obtained in these 
experiments some further comment on the methods 
used for extracting the mucopolysaccharides may 
be considered relevant. The present procedure for 
isolating chondroitin sulphate and hyaluronic acid, 
with the quaternary ammonium derivative cetyl- 
pyridinium chloride, is based on a considerable 
preliminary experience in _ collaboration with 
Dr J. E. Seott. Samples of isolated chondroitin 
sulphate from rib cartilage and umbilical cord 
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Details of animal experiments 


The number of days of scorbutus includes the period after injection of carrageenin. The guinea pigs were killed at the 
times given below and granulomata were one from the stated number of animals for extraction of polysaccharides 


Figures for adrenal-gland ascorbic acid ar 


for tissue pooled from several animals, are given. 


Duration 


of granu- 
No. of Condition No. of loma 
expt. of animals animals (days) 
A 1 Scorbutic (16 days) 9 6 
2 Normal 5 6 
: Scorbutic (19 days) 9 9 
4 Normal 5 9 
5 Scorbutic (22 days) 9 12 
6 Normal 5 12 
B | Scorbutic (13 days) 8 6 
va Normal 6 6 
3 Scorbutic (16 days) 8 9 
4 Normal 6 9 
- | Scorbutic (14 days) 17 7 
2 Normal 12 7 


averages of pooled adrenal glands. 
lowest ascorbic acid level found was 0-52 mg./g. of adrenal tissue; 
is the fraction indicated by T' in the fractionation scheme, Fig. 1. 





In 50 individual normal animals the 
the average was 1-26 mg./g. Total polysaccharide 
Either mean figures (-+ s.D.), or the values obtained 


* Dried by ethanol-ether. 


hyaluronic acid, together incubated overnight with 
ynusele tissue and papain, can both be recovered 
separately in good yield by this method. The 
wecoveries of chondroitin sulphate were of the order 
pf 85%. Recovery of hyaluronic acid appeared to 
be somewhat lower and more variable, 70-80%, 
out the sulphate content of the recovered hyal- 
uronic acid was always less than the original 


umbilical cord sample, e. g. 0-19 as against 1-2 % of 


sulphate in the original. At least some of the loss in 
recovery of hyaluronic acid may therefore be 
attributed to a ‘purification’ during the recovery 
procedure. In previous experiments in this series 
on the carrageenin-induced (Slack, 
1957) the fractionation procedure was designed to 
separate fractions of sulphated polysaccharides 
with different metabolic behaviour. That is, poly- 
saccharides extractable by neutral salt solution 
(0:2mM-NaCl, pH 7-4) are presumably 
mediately available in the tissues for metabolic 
interactions, and therefore may have a more active 
metabolism than those requiring papain digestion 
to release them. In the present experiments the 
chondroitin sulphate fraction obtained is derived 
from the total chondroitin sulphate originally 
present in the tissue and is probably a mixture of 
components with different metabolic behaviours. 
Further experiments are required to apply this 
method of fractionating mucopolysaccharides to 
tissue material previously (Slack, 1957) separated 
into neutral salt-soluble fraction, papain-digest 
fraction and residue material. 


9 


granuloma 


more im- 


Average wet Total polysaccharide* Adrenal 
wt. of Average (mg./g.) gland 

granuloma/ water content - A—___—_.. ascorbic 
animal (g./100 g. Wet Dry acid 

(g-) of tissue) tissue tissue (mg./g.) 
14-4+4-2 89+0-8 1-01 9-2 0-24 
e8+3- 86+0-6 0-39 2-8 1-28 
2: 89+0-7 1-25 11-4 0-11 
+ 5: 8540-4 0-30 2-0 1-21 
‘T+1- 87+1-4 0-69 53 0-04 
14-:0+2-7 8340-3 0-28 1-7 1-03 
11-14+4-4 88+1-1 0-67 5-6 0-29 
14-:043-8 85+0-6 0-33 2-2 1-32 
6-8+3-1 88+0-9 0-97 8-1 0-18 
9-7+2°3 84+0°5 0-29 1-8 1-40 
14-2 87 0-25 9-6 0-36 
16-7 84 0-26 1-6 1-37 

From Table 1 it will be seen that the total 





amount of new connective tissue formed is less in 
the scorbutic than in the normal animal. Also this 
granuloma tissue in the scorbutic guinea pigs has a 
higher water content than has the tissue found in 
normal animals. The differences in amounts of 
granuloma found in normal and scorbutic animals 
given in these experiments are not very large. If, 
however, the duration of ascorbic acid deficiency is 
extended to 21 days or more before injection of 
carrageenin then the amount of new connective 
tissue formed 6 days after carrageenin was greatly 
reduced in comparison with the normal animals. 
Experimental results for these longer periods of 
ascorbic acid deficiency are not included because of 
(a) the high mortality rate and (6) loss of appetite 
in the animals and therefore the difficulty in 
assessing effects due to ascorbie acid deficiency 
and those due to protein and other deficiencies. 
From the figures of abnormal ascorbic acid 
contents given in Table 1 it would seem probable 
that a state of real ascorbic acid deficiency had 
established by the dietary regime in the 
vitamin C-deficient animals. The highest average 


been 


figure in the scorbutic animals, 0-36 mg./g. of 
adrenal, was considerably below the lowest 
value found in a normal animal (0-52 mg./g. of 
adrenal) and only about one-quarter of that in 
the average normal animal (1:26 mg./g. of 
adrenal). 


There is a striking difference in the amounts of 
total polysaccharide material extracted from the 
Bioch. 1958, 69 
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normal and scorbutic granuloma tissue. Robertson 
& Hinds (1956) found a fivefold increase in pro- 
duction of polysaccharides in granulomata from 
scorbutic animals in comparison with that from 
normal animals. The present experiments confirm 
their finding. From Tables 1 and 2 it will be seen 
that there is a variable increase in total polysac- 
charide material. In terms of unit wet weight of 
tissue the increase varies from about two to five 


times the amount produced in normal animals. 
Expressed as g. of total polysaccharide/g. of dry 
tissue, the increase in polysaccharide amounts to 
2}—6 times that found in the normal granuloma. 
[t will also be seen from Table 2 that the amount of 
sulphate found/unit weight of total polysaccharide 
in the scorbutic tissue is only about 25 % of that in 
the normal animals. This suggests that the greatly 
increased production of polysaccharides in the 
scorbutic granuloma is largely, if not entirely, 
accounted for by increased production of some non- 
sulphated polysaccharide. 

In Tables 2 and 3 are given analytical figures for 
chondroitin sulphate and hyaluronic acid isolated 
from the total polysaccharide material of the 
granuloma tissue. Considering the chondroitin 
sulphate first, it will be seen that the amount 
isolated/g. of dry tissue is generally smaller from 
the scorbutic animals, but the differences from the 
amounts in normal tissue are not very large and 
The 


hexosamine and sulphate are similar in the samples 


show considerable variation. contents of 


of chondroitin sulphate from both the normal and 


scorbutic animals. The figures for uronic acid 


content and nitrogen content also showed no 


Table 2. Analyses of total and separated 


Hexosamine was estimated by the method of Boas (1953) and sulphate by the 4-chloro-4’-aminodipheny] method. 
The combined recovery of polysaccharide as separated chondroitin sulphate and hyaluronic acid was, on the average, 


rather more than 50% of the original total polysaccharide. 


Total polysaccharide 


SLACK 193 } 


marked differences between the chondroitin su. 

phate from normal and from scorbutic tissu 
Further analysis of the hexosamine showed this t) | 

} 
; 
{ 


consist very largely of galactosamine in th 
chondroitin sulphate from both sources. Some 
detectable glucosamine was found in all th 


chondroitin sulphate samples, but in chondroitia 


sulphate from scorbutic tissues the amount of 
glucosamine was sufficiently large to _ permit 


quantitative estimation. Some attempts to obtair 
further information about the normal and scorbuti 
chondroitin sulphate fractions are given im Table 4, 
The amount of polysaccharide available for thete 
experiments was small and the results must there. 
fore be regarded as tentative. Fractional precipita. 
tion by ethanol, according to the technique of 
Meyer et al. (1953), resulted in at least half of the 
both normal 


scorbutic tissue being precipitated by 20 % ethanol. 


chondroitin sulphate from and 
This fraction would appear to be a chondroitin 


sulphate (A) fraction since it underwent some 
hydrolysis with testicular hyaluronidase. A further 
10-20% sulphate both 


scorbutic and normal tissue was precipitated by 


of chondroitin from 
30% ethanol and the remainder, 25-30% of the 
total chondroitin sulphate, was precipitated by 
50% ethanol. This latter fraction from both type: 
of tissue was hydrolysed by testicular hyaluronidas¢ 
more readily than was fraction A, and would there 
fore seem to correspond to chondroitin sulphat« 
(C). The amounts of chondroitin sulphate fractions 
available were insufficient for further analyses. 
Although this experimental evidence is admittedly 
tentative the chondroitin sulphate produced in 


polysaccharides from granuloma tissue 


Chondroitin sulphate Hyaluronic acid 





- ~ aii - oo SS oe aioe _—. 
Hexos- Sul- Hexos- Sul- Hexos- Sul- 
Amount amine phate Amount amine phate Amount amine phate 
(mg./g. of — ——, (mg./g. of — A— (mg./g. of — A 
No. of Condition of dry (g./100 g. of dry (g./100 g. of dry (g./100 g. of 
expt. animals tissue) polysaccharide) tissue) polysaccharide) tissue) polysaccharide) 
Al Scorbutic (16 days) 9-2 24-6 2-1 1-0 11-8 4-4 33-6 16 
2 Normal 2-8 26-1 8-9 1-4 13-3 0-54 30-3 0-9 
3 Scorbutie (19 days) 11-4 28-2 1-9 1-06 23°5 9-6 5:2 29-2 1-9 
4 Normal 2-0 31-4 8-2 1-1 33-4 12-7 0-26 35:8 0-14 
5 Scorbutic (22 days) 53 29-8 2-2 0-6 31-0 12-9 3-5 36-2 1-9 
6 Normal 7 33-4 8-0 1-05 30-5 11-6 0-2 29-8 0:27 
BI Scorbutic (13 days) 5-6 27-7 2-4 0-8 26-2 11-3 2-6 32-8 
2 Normal 2-2 30-6 8-6 1-06 25-9 10-9 0-53 28-4 
3 Scorbutic (16 days) 8-1 29-1 2°35 1-5 32-0 10-6 4-0 
A Normal 1-8 32-0 9-4 0-9 34-2 11-2 0-37 
C1 Scorbutic (14 days) 9-6 343 1-8 0-84 30-7 12-2 4-4 1:2 
2 Normal 1-6 28-1 8-3 1-15 24-6 13-1 0-25 05 
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both normal and scorbutic granulomata appears to 
be qualitatively similar. The amounts produced in 
the two types of tissue do not differ greatly, 
although in general the scorbutic granuloma seems 
to produce rather less chondroitin sulphate than 
does the normal. 

Considering now the hyaluronic acid fraction, it 
Tables 2 and 3 


will be seen from that much larger 


amounts of hyaluronic acid are produced in the 
scorbutic granuloma than in granuloma of the 
normal animal. The amounts actually recovered 
unit dry weight of tissue from the granulomata 
of scorbutic animals varied between 5 and 20 times 
the amounts of hyaluronic acid recovered from 
No 


differences in glucosamine or uronic acid contents 


granulomata in normal animals. marked 


are found in this polysaccharide fraction from 
either normal or On the other 
hand, the sulphate content was in all cases higher 


scorbutic tissue. 


in the scorbutic hyaluronic acid fraction and was 
not appreciably reduced by a further fractionation 
(Table 3). A further fractionation of the hyaluronic 
arid from the normal granuloma, Table 3 (C2), 
seduced the content of sulphate from 0-80 to 
0-28 g./100 g. of polysaccharide. A little galactos- 
amine was found in the two samples of hyaluronic 
acid fraction from normal granulomata which were 
analysed. One of these, C2, was refractionated, 
resulting in the galactosamine being reduced to a 
On the other hand, the samples of 
hyaluronic acid from scorbutic tissues contained 
from 4-4 to 8-7 g./100 g. of galactosamine and these 
amounts substantially reduced 
further refractionation. 

Both the hyaluronic acid fractions from normal 
and scorbutic viscous solutions in 
water. The viscosities were not actually determined 
but this fraction from the scorbutic animals in all 


trace only. 


were not by a 


tissues gave 


Table 5. 


H. G. B. SLACK 
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cases gave markedly viscous solutions in water and 
formed rough fibrous precipitates from ethanol, 
The optical rotations of the two samples of scor. 
which 


were determined, 


— 50° and — 60°, are also lower than the accepted 


butic hyaluronic acid 


figures for hyaluronic acid. On chromatography in 
borate buffer, pH 9, the hyaluronic acid fractions 
remained largely at the origin, as does umbilical 
cord hyaluronic acid, but there was some streaming 
from the origin in one of the hyaluronic acid 
samples (A 3), indicating the presence of a more 
mobile component. 

The specific radioactivities of the chondroitin 
sulphate fractions from both normal and scorbutic 
granulomata and from rib cartilage of the normal 
All 
isotope injections were given 5 days after injection 
of carrageenin, at which time the scorbutic animals 


and scorbutic animals are given in Table 5. 


had been maintained on an ascorbic acid-deficient 
diet for 10 days. Although the experimental data 
are too restricted to permit accurate estimates of 
the metabolic rates it is sufficient to enable some 
general estimates of probabilities. Considering 
the sulphate the 
normal guinea pigs, there is a close similarity in the 
initial specific activity at 24 hr. chondroitin 
sulphate from the granuloma and that from ri} 
cartilage. During the following 6 days of observa- 
tion the level of activity has fallen to lower levels in 
granuloma chondroitin sulphate than in the rib 
cartilage chondroitin sulphate, indicating a more 
active rate of metabolism. In the scorbutic animals 
the initial level of activity at 24 hr. is somewhat 
lower in the granuloma chondroitin sulphate than 
in the normal granuloma chondroitin sulphate. 
Furthermore, the loss of activity from the scorbutic 
granuloma chondroitin sulphate during the en- 
suing 6 days is less than in this fraction from 


first chondroitin fraction in 


in 


Specific radioactivities of chondroitin sulphate separated from granulomata and rib cartilage of 


normal guinea pigs and guinea pigs maintained for 10 days on ascorbic acid-deficient diet before 


carrageenin injection 


Measurement of radioactivity was done on 1 cm.* negligible-thickness disks as 4-chloro-4’-aminodiphenyl sulphate. 
Under these counting conditions the activity of 0-005 yc of *S is of the order of 870 counts/min. above background. All 
counts are corrected for dose of *S, body wt., for background and for the decay time of *5S. The figures are the average for 
at least three separate determinations in each case. The granuloma tissue was pooled from nine or more scorbutic animals 
and from five normal animals at each time interval. The highest count found in any of the purified hyaluronic acid frac- 
tions was approximately twice the background counts, i.e. 18/min./0-1 mg. of hyaluronic acid. 


Specific activities of 
chondroitin sulphate separated 
from granulomata 


Specific activities of 
chondroitin sulphate separated 
from rib cartilage 


Time from injection of — a eens . A, 
ee Normal Scorbutic Normal Scorbutic 
Carrageenin 355 animals animals animals animals 
(days) (counts/min./0-1 mg. of sulphate) (counts/min./0-1 mg. of sulphate) 

6 1 920 805 905 205 

7 2 400 530 650 170 

y 4 205 415 520 155 

12 a 95 _ 310 230 125 
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normal animals. It seems probable that there is a 
slower rate of metabolism in the chondroitin sul- 
phate fraction in the scorbutic animals than in the 
normal animals. This reduced metabolic activity is 
shown more clearly by the chondroitin sulphate 
fraction from rib cartilage in the scorbutic animals. 
The 24 hr. level of activity is only one-quarter of 
that in normal rib-cartilage chondroitin sulphate, 
and at the seventh day the loss of activity is much 
smaller than that found in normal cartilage chon- 
droitin sulphate. This reduced metabolic activity of 
sulphated polysaccharides in cartilage is in agree- 
ment with results of previous work, Reddi & 
Norstrém (1954), Kodicek & Loewi (1955). 


DISCUSSION 


The experimental evidence presented here lends 
support to the finding by Robertson & Hinds (1956) 
of a massive increase in polysaccharide production 
in carrageenin-induced granuloma tissue in guines 
pigs under conditions of ascorbic acid deficiency. 
These authors suggested that most of the increase 
in polysaccharide production was in fact due to an 
increased output of hyaluronic acid. The evidence 
of the present experiments would seem to confirm 
this suggestion. The hvaluronic acid fraction from 
these scorbutic-granuloma tissues certainly shows 
some similarities to umbilical cord hyaluronic acid. 
It formed very viscous solutions in water, indi- 
cating a high degree of polymerization, precipitation 
by ethanol produced an immediate fibrous 
agulum, it was not depolymerized by papain and 


co- 


the nitrogen, uronic acid and glucosamine contents 
those 
hyaluronic acid. Nevertheless, the present experi- 
ments show some evidence of dissimilarity between 
the hyaluronic acid fractions from (a) scorbutic 
granuloma, (b) umbilical and (c) normal 
granulomata. The first contained some 1-2 % of 
sulphate and about 4-9 % of galactosamine, both 


were similar to found in umbilical eord 


cord 


higher than the amounts found in the hyaluronic 
acid fraction from normal granuloma. Also both 
the sulphate and galactosamine fell 
markedly when the normal granuloma hyaluronate 
fraction was repurified, whereas repurification had 


contents 


little effect on the amount of these constituents in 
the The 
optical rotation is also lower than are the accepted 


scorbutic hyaluronic acid fractions. 
figures for umbilical cord hyaluronic acid. 
Meyer et al. 


various tissues, polysaccharide fractions similar to 


(1953) have reported finding, in 


hyaluronic acid with a low, but persistent, sulphate 
content. The fact that the greater part of the 
hexosamine consists of glucosamine suggests that 
most of this scorbutic hyaluronic acid fraction is, 
in fact, hyaluronic acid closely associated with 
some sulphated fraction. 


If, however, this was a 
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simple admixture some measure of separation 
would be expected, as evidenced by decreasing 
sulphate content, as is found in repurifying the 
hyaluronic acid from normal tissue. In view of this 
difference in behaviour without further 
experimental evidence it would seem best to regard 
this polysaccharide, produced in abundance by the 
scorbutie granuloma, as a type of hyaluronic acid 
not necessarily identical with hyaluronic acid from 
umbilical cord. 

In contrast the 
sulphate or non-sulphated polysaccharide produced 
in the scorbutic granuloma, the amounts of chon- 
droitin sulphate-like polysaccharide found were 
generally smaller than those in normal granuloma. 


and 


with large amounts of low- 


The chondroitin sulphate polysaccharide appears to 
be identical or very similar in both normal and 
scorbutie granulation although further 
information is required to determine more closely 
whether they each consist of two or three types of 
chondroitin sulphate; and, also, whether definite 


tissue, 


quantitative differences recur in the proportions of 
types A, B and C. 

The experimental data on the metabolism of the 
chondroitin sulphate fraction of polysaccharide 
isolated from normal and scorbutic granuloma 
tissue is admittedly scanty and any differences 
noted between the activities in chondroitin sulphate 
from normal tissues and from scorbutic tissues must 
be interpreted with due caution. 

That at least some measure of reliance may be 
placed on these results would seem to follow from 
the much reduced incorporation of **S found in the 
scorbutic rib cartilage in comparison with that in 
normal rib cartilage, which is in agreement with 
previous work by Reddi & Norstrém (1954). By 
contrast the incorporation of *S into the chondroi- 
tin sulphate fraction from scorbutic granuloma 
appears to be only slightly reduced from the level 


of incorporation found in normal granuloma 
chondroitin sulphate. The subsequent loss of 


specific activity appears to take place more slowly, 
the than in the 
chondroitin sulphate, and this lower rate of loss of 


however, in scorbutic normal 
specific activity is also found in chondroitin sul- 
the Un- 


fortunately only one point in time of injection of 


phate from scorbutic rib cartilage. 
isotope in relation to duration of scorbutus is 
available, i.e. on the fifteenth day of ascorbic acid- 
deficient diet. At this stage the level of incorpora- 
tion of S into chondroitin sulphate from scorbutic 
tissue is only a little less than is that from normal 
tissue. This would seem to indicate that synthesis 
of chondroitin sulphate polysaccharide continues, 
at least during the first 14 days of ascorbic acid 


deficiency, at a rate not much below that in 
granuloma tissue of normal animals. There 


appears, from the present experiments, to be a 
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decrease in the rate of metabolism of chondroitin 
sulphate in the scorbutic animals during the sub- 
sequent 7 days of ascorbic acid deficiency. But at 
what level of ascorbic acid deficiency these altera- 
tions in polysaccharide metabolism first appear, 
how they are affected by increasing severity of 
ascorbic acid deficiency or whether they are, in 
fact, due wholly to ascorbic acid deficiency, are 
questions which cannot at present be adequately 


answered. 
SUMMARY 


1. Growth of new connective tissue was stimu- 
lated by the injection of 50mg. of carrageenin 
beneath the abdominal skin of guinea pigs. Groups 
of guinea pigs were maintained on an ascorbic acid- 
deficient diet for 7 or 10 days before injection with 
carrageenin and killed at intervals from 6 to 12 days 
later. Corresponding groups of normal guinea pigs 
were given ascorbic acid supplements during the 
periods of granuloma production. 


2. The granulomata were dissected out and 
pooled from groups of normal and _scorbutic 
animals at each time interval of killing. After 


digestion of the granulation tissues with papain, 
extracted by a 


cetylpyridinium 


polysaccharide materials were 


fractionation scheme utilizing 


chloride. By this means three groups of polysac- 
charide material were obtained: (1) total polysac- 
charides; (2) a chondroitin sulphate fraction; (3) a 
hyaluronic acid-like fraction. 

from the scorbutic 
animals showed a greatly increased production of 


3. The granuloma tissue 
total polysaccharides in comparison with that from 
normal animals. Evidence is presented that most 
of this increased polysaccharide production is due 
to greatly increased amounts of a polysaccharide 
fraction with properties similar to those of hyal- 
uronic acid. Production of the chondroitin sul- 
phate fraction was generally slightly reduced in the 
scorbutic granuloma in comparison with the 
normal animals. 

4. Although most of the polysaccharide material 
obtained could be accounted for in terms of the 
chondroitin sulphate and hyaluronic acid fractions 
the presence of other mucopolysaccharides is not 
excluded. 

5. Normal and scorbutic guinea pigs, 5 days 
after injection with carrageenin, were injected with 
1 wc/g. body wt. of Na,®SO, and killed at intervals 
of time from 1 to 7 days later. The specific activity 
of the 


chondroitin sulphate fraction from rib 


cartilage in the scorbutic animals was much less at 
24 hr. than that in corresponding normal animals. 


mn. G. B. 


SLACK 


t 


; 


By contrast, incorporation of [**S]sulphate into 


chondroitin from the 
scorbutic guinea pigs at 24 hr. was only a little less 


than into chondroitin sulphate from granuloma of 


sulphate 


normal animals. The rate of loss of specific activity 
in the scorbutic granuloma, however, was less rapid 
than in the normal granuloma and suggests some 
reduction in the rate of metabolism of chondroitin 
sulphate in scorbutic granulation tissue. 


I wish to thank Dr D. 8. Jackson and Dr G. Williams for 
their collaboration, and Professor J. H. Kellgren for his 
never-failing interest. 

The carrageenin was the gift of Mr L. Stoloff of Seaweed 
Chemicals Inc. 
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Harris (1946) discovered in frog’s eggs an enzyme 
catalysing the dephosphorylation of phospho- 
proteins. Since then this enzyme, phosphoprotein 
phosphatase, has been studied in crude tissue 
extracts by a number of workers (e.g. Feinstein & 
Volk, 1949; Norberg, 1950). Foote & Kind (1953) 
described the purification of a similar enzyme from 
chick embryo, and Sundararajan & Sarma 
(1954a, b) and Roche, Thoai & Pin (1953) used ox 
and rat spleens as starting materials for their pre- 
paration. To study the phosphorus linkages in 
casein an enzyme was required which could be 
easily prepared in good yield and be free of both 
protease and phosphomonoesterase activity. It 
was also desirable to have an enzyme which would 
be stable at low temperatures for long periods. 
None of the published methods fulfilled these 
requirements. The method of Sundararajan & 
Sarma (1954a) for preparing the enzyme was very 
time-consuming, whereas that of Roche eé al. 
(1953) led to very unstable preparations. 

A new method which gave a stable, partially 
purified enzyme free of protease and f-glycerol 
phosphatase activity was therefore developed. 
This simplified method, together with some of the 
properties of the enzyme preparation, is described 
inthe present paper. The following paper (Hofman, 
1958) presents the results of a detailed study on the 
specificity of the enzyme and its action on various 
casein preparations. A preliminary account of 
some of these results has been given (Hofman, 
1955). 


MATERIALS AND METHODS 


Ox spleen. Spleens were obtained from newly slaughtered 
animals. They were immediately chilled with ice and stored 
at - 15°. 

Substrates. In this and the following paper (Hofman, 
1958) the term ‘unfractionated casein’ will be taken to 
mean the mixture of «-, B- and y-caseins which is obtained 
from milk by precipitation at pH 4-6 essentially according 
to the procedure of Dunn (1949). It was prepared from 
fresh skim milk of Ayrshire cows. Disodium phenyl 
phosphate and disodium f-glycerol phosphate were com- 
mercial products. 


* Present address: 


University of Sheffield. 


Department of Biochemistry, 


Phosphoprotein The enzyme 
activity was measured by incubating 4 ml. of a solution of 
casein containing 10pug. atoms of casein P/ml. in 0-1N- 
acetic acid—sodium acetate buffer, pH 5-9, with 1 ml. of an 
appropriately diluted enzyme solution at 37° for 30 min. 
The inorganic P liberated was determined by the method of 
Martin & Doty (1949), who precipitated protein with tri- 
chloroacetic acid and silicotungstic acid. This method was 
preferred to the conventional methods of Fiske & Sub- 
barow (1925) or Berenblum & Chain (1938) because, on 
incubating casein with crude tissue extracts, breakdown 
products were formed which interfered with the develop- 
ment of the molybdenum blue. Silicotungstate completely 
Similar observa- 


phosphatase activity. 


removed these interfering substances. 
tions have been made by Mattenheimer, Nitschmann & 
Zahler (1952). Controls were carried out by incubating 
(a) casein and water, (b) enzyme and water. 

Phosphomonoesterase activity. This was determined by 
substituting a solution of disodium f-glycerol phosphate, 
containing 10 ug. atoms of bound P/ml. in acetate buffer, for 
the casein solution. 

Unit of phosphatase activity. One unit of phosphoprotein 
phosphatase and phosphomonoesterase activity is defined 
as the amount of enzyme which liberates 1 ug. of P/min. 
under the conditions just described. 

Activity of proteolytic enzymes. The non-protein N soluble 
in 4% (w/v) trichloroacetic acid, after incubation of 4 ml. 
of casein solution with 1 ml. of suitably diluted enzyme 
solution for periods of from 30 min. to 24 br., was deter- 
mined by a micro-Kjeldahl method (Hiller, Plazin & Van 
Slyke, 1948). 

Units of proteolytic activity. One unit is defined as the 
amount of enzyme which liberates 1 yg. of N/min. 

Specific activity. This is expressed in units/mg. of protein 
N of the enzyme solution. 

Nitrogen determinations. Protein N was calculated from 
the difference between the total N in the sample before and 
after deproteinization, as determined by a micro-Kjeldahl 
method (Hiller et al. 1948). 


Purification of phosphoprotein phosphatase 


In preliminary experiments in which the method of 
purification developed by Sundararajan & Sarma (1954a) 
was used it was difficult to separate the enzyme from in- 
soluble matter of the spleen. These authors used 0-5mM-NaCl 
in acetate buffer to keep the enzyme in suspension, and 
cell debris and nuclei were removed by centrifuging. The 
enzyme was then precipitated as a gel with ammonium 
sulphate. This gel could not be centrifuged and had to be 
filtered for long periods. Further experiments showed that 
the enzyme could be brought into solution by a treatment 
with butanol according to the method of Morton (1953). 
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The following procedure for the purification was finally 
adopted. 

Extraction of enzyme. Frozen spleen was skinned and 
minced. The mince (100 g.) was homogenized in a top-drive 
Blendor with 900 ml. of cold 0-5m-sodium chloride in 
0-05 M-sodium acetate—acetic acid buffer, pH 5-9. The homo- 
genate was centrifuged at 900g for 30 min. and the pre- 
cipitate discarded. The supernatant extract (ES) (900 ml.) 
was cooled to 0° and shaken with 450 ml. of cold butanol 
for 5min. The emulsion was centrifuged at 1500g for 
15 min., when it separated into three layers. The bottom 
layer containing the enzyme (450 ml.) was collected by 
suction through a capillary and the intermediate layer 
(600 ml.) extracted with 500ml]. of the buffered NaCl 
solution. 

The combined extracts after the butanol treatment 
(1270 ml.) were cooled to 2° and acetone (330 ml.) was 
added to give an acetone concentration of about 20% 
(v/v). After standing at — 15° overnight the solution con- 
tained an inactive gelatinous precipitate, which was centri- 
fuged off and discarded. Acetone (940 ml.) was added to 
the clear supernatant liquid (1600 ml.) to give an acetone 
concentration of about 50% (v/v) and the mixture was 
left again at —15° overnight. A red—brown precipitate 
which settled contained almost all the enzyme activity and 
was removed by centrifuging. After most of the acetone 
had been removed by draining, the precipitate was dis- 
solved in 115 ml. of the buffered NaCl solution. Some in- 
soluble, inactive material was removed by centrifuging and 
a clear red—brown solution (Ay) was obtained. The solution 
A, was dialysed at 2° for 48 hr. against frequent changes of 
distilled water. A flocculent precipitate settled and was 
centrifuged off. The clear red-brown supernatant (A,) 
contained of the phosphoprotein phosphatase 
activity and all the B-glycerol phosphatase and protease 
activity of Ay. No attempt was made to separate these 
enzyme activities further, and the solution was discarded. 
The precipitate was dissolved in 80 ml. of 0-5m-sodium 
chloride—0-05M-sodium acetate buffer, pH 5-9, and centri- 
fuged to remove some inactive, insoluble material. The 
yellowish supernatant (B,) was slightly opalescent. It 
contained the larger part of the phosphoprotein phospha- 
tase activity, and was free from f-glycerol phosphatase 
activity (determined as described, with a 24 hr. incuba- 
tion period). Attempts were made to purify the enzyme 
further by adsorption on calcium phosphate gel, Hyflo 
Superce], kaolin and alumina gel C,,, but in every case the 


some 


activity was lost. The solution B, was used in the studies of 


the properties of the enzyme described in the following 
sections, except where otherwise stated. 


T. HOFMAN 
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The results obtained in a typical purification experiment 
are summarized in Table 1. As the table shows, the enzyme 
was purified about 60-fold (1-37-82 units/mg. of N) and 
was obtained in 21% yield. 


RESULTS 
Properties of phosphoprotein phosphatase 

Specificity. A detailed study on the specificity of 
the enzyme is given in the following paper (Hofman, 
1958). It may be mentioned, however, that the 
enzyme readily liberates inorganic phosphate, not 
only from casein but also from phenyl phosphate 
and a number of other organic phosphates as well 
as from inorganic pyrophosphate, but not from f- 
glycerol phosphate. 

Optimum pH. The influence of the pH on the 
activity of the enzyme was determined with casein, 
phenyl phosphate and inorganic pyrophosphate as 
substrates. As Fig. 1 shows, the optimum for the 
three substrates is around pH 5-0-5-5. Owing to 
the insolubility of the casein below pH 5 the 
activity with this substrate could not be measured 
at lower values. Even between pH 5 and 6 it is 
difficult For this 
reason almost all the incubation experiments were 
carried out at pH 5-9 rather than at the optimum, 


to obtain solutions of casein. 


pH 5-0—-5-5; pH 5-9 was accordingly also used when 
substrates other than casein were incubated. 
Effect of pH on stability of phosphoprotein phos- 
phatase. As Fig. 2 shows, the enzyme is stable for 
24hr. at room temperature only in the narrow 
range pH 5-5-6-0, but loses little activity in the 
range pH 4-8. At lower and higher pH _ values, 
however, inactivation is very marked. Similar 
experiments were carried out with a crude spleen 
extract (preparation ES). They showed that the 
crude enzyme is very labile, particularly outside 
the range pH 5-5-6-5. This finding is in close 
agreement with the result of Norberg (1950), who 
studied the inactivation of phosphoprotein phos- 
phatase with liver homogenates and extracts. The 
purified by 
Sarma (1954a) seemed to be less stable than the 


enzyme obtained Sundararajan & 


present preparation. The results, however, are not 


Table 1. Summary of a typical enzyme purification 
Phospho- 
protein Specific B-Glycerol 
phosphatase activity Overall phosphatase Protease 
Vol. Protein N activity (units/mg. yield activity activity 
Fraction (ml.) (mg./ml.)  (units/ml.) of N) (%) (units/ml.) (units/ml.) 
Spleen homogenate 1000 2-7 3-7 1-37 100 3-1 38 
Extract ES 870 1-7 3-5 2-03 82 2-8 33 
Acetone fraction A, 119 0-9 3-7 15:3 44 0-7 16 
Dialysis: precipitate B, 84 0-11 9-4 82 21 0-08 0-1 
supernatant A, 164 0-66 5-5 8-3 — 0-4 = 
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strictly comparable, as the authors studied the 
stability of their enzyme at 37° and in the presence 
of thioglycollic acid as activator. 

Effect of temperature on stability of phosphoprotein 
phosphatase. Roche et al. (1953) prepared a phos- 
phoprotein phosphatase from calf spleen and found 
that 
activity after standing for a few days at temper- 
atures near 0°. It is interesting therefore to find 
that the present preparation B, is stable at temper- 
atures up to 70° (Table 2). No loss in activity was 
found when the incubated at this 
temperature for 4 hr. At 75°, however, the enzyme 
is rapidly inactivated. After incubation for 5 min. 
only 27% 

The enzyme 
retaining full activity at 


it was extremely thermolabile, losing its 


enzyme was 


of the original activity is left. 


was very stable when frozen, 


—15° for 2 years. In 


100 
80 


60 


40 


Activity (% of maximum) 


20 


3 4 5 6 7 8 
pH of medium 
Fig. 1. pH-activity curve. Substrate solution (4 ml.) 
containing 10g. atoms of P/ml. in acetate or veronal— 
acetate buffer was incubated with 0-75 ml. of water and 
0-25 ml. of enzyme (B,). O, Casein; A, phenyl phos- 
phate; (1, inorganic pyrophosphate. 
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Fig. 2. Stability of enzyme at various pH values. A volume 
( 


Iml.) of enzyme solution (B,) was adjusted to the 
desired pH with NaOH or HC! and left standing at room 
temp. for 24hr. After readjusting to pH 5-9 the solu- 
tion was assayed as described under Materials and 
Methods. 
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agreement with Norberg (1950) the unpurified 
enzyme was found to be rapidly inactivated by 
short exposure to temperatures above 40°. 
Electrophoresis on filter paper. 
whether the actions of the enzyme preparation B, 


In order to find 


on phenyl phosphate and casein were due to the 
same enzyme, an attempt was made to separate the 
two activities from each other by electrophoresis on 
filter Experiments were carried out at 
various pH values in an apparatus described by 
Latner (1952). 
was observed. Fig. 3 shows the result of a typical 
experiment made at pH 8-6. It will be seen that 
the two activities travelled together. When the 
filter-paper strips were stained with Naphthalene 
Black 12 B 200 (Flynn & De Mayo, 1951) a band of 
protein was observed which was well separated 
from the band carrying the enzymic activities, 


paper. 


No separation of the two activities 


indicating that the enzyme was contaminated with 
a considerable amount of inactive material. 
Activation. No detailed study on the activation 
and inhibition of the enzymic activities was under- 
taken, but in with Sundararajan & 
Sarma (1954a) it was found that mm-thioglycollic 
acid activated the enzyme. Table 3 shows that 


agreement 


Table 2. Stability of phosphoprotein phosphatase 


at different temperatures 
Enzyme solution (B,, 1 ml.) was incubated at a given 
temperature. After a selected time the activity was 
determined as described under Materials and Methods. 


Temp. of Time Activity 
incubation (min.) (% of original) 
20° 1440 101 
37 1440 95 
65 1080 96 
70° 240 104 
75° 5 27 
75 20 13-5 
i00° 2 0 


6 
e| | 4 
s 
> 4 
2 
g 2 
a 
0% 5 +3 +2 1 0 1 
Distance from origin 0 (cm.) 


Fig. 3. Electrophoresis of purified enzyme. A volume 
(0-1 ml.) of enzyme was examined on Whatman no. 31 
filter-paper strip, 2cm. wide. Conditions: veronal 
buffer, pH 8-6, 7 =0-1; run for 10 hr. at +2°, 3-7v/cm. 
Activity was determined on 0-5cm. segments. Sub- 
strates: A, casein; O, phenyl phosphate. Arrows indi- 
cate the position of two main protein bands, as revealed 
by staining with ‘Naphthalene Black 12B 200’. No 
quantitative estimation of the protein was made. 
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thioglycollic acid increased not only the activity of during purification had remained the same. How. 
the enzyme towards casein, but also towards in- ever, owing to the presence of a strong non-specific 
organic pyrophosphate and phenyl phosphate, thus | phosphomonoesterase up to the second last stage of 
providing additional evidence for the possibility the purification, as shown’ by the splitting of 8. 
that the action on the various substrates was due to glycerol phosphate (Table 1), the ratio of phenyl 
the same enzyme. Table 3 also shows that mag- phosphatase to casein phosphatase activity could 
nesium had no effect on the activity with any ofthe not be determined. 


three substrates, either in the presence or the The pyrophosphatase activity of the present 

absence of thioglycollic acid. preparation also shows optimum activity in the 
Effect of substrate concentration. The dependence pH range 5-0-5-5 and is activated by thioglycollic 

of the enzymic activity on the substrate concentra- acid, indicating that it might be due to the same 

tion was studied with both casein and phenyl enzyme. 

phosphate as substrates. When the experimental The phosphoprotein phosphatase which was 


results were treated according to Lineweaver & isolated by Harris ,1946) from frog’s eggs seems to 
Burk (1934), Michaelis constants of 3 mm for casein be different from the present enzyme since it 
phosphorus were obtained for casein and 2mm for showed no activity towards phenyl phosphate. 


phenyl phosphate. The figure for casein is slightly The phosphoprotein phosphatase which Roche 
higher than the value of 2 mM found by Sundarara- and his colleagues (Roche et al. 1953; Thoai, Roche 
jan & Sarma (1954a) but agrees with the value & Pin, 1954) described differs from the present 
found by Norberg (1950). enzyme in at least four properties: (a) it is ex- 


tremely labile towards organic solvents as well as 
to temperature; (b) it liberates phenol from di- 
phenyl phosphate whereas the present enzyme is 
A comparison of the present enzyme with that of inactive on this substrate (Hofman, 1958); (c) it is 
Sundararajan & Sarma (1954a) strongly suggests inactive towards phenyl phosphate; (d) it liberates 
that the two are identical. Both are activated by only part of the phosphate from casein whereas the 
thioglycollic acid and have about the same pH present enzyme effects complete hydrolysis. 


DISCUSSION 


optimum. The Michaelis constants show a small Roche, Thoai & Thiém (1952) described the pre- 
discrepancy, but this could be due to slightly paration of phosphomonoesterases from rat muscle 


different experimental conditions. Sundararajan and pig erythrocytes. Starting from material 
& Sarma (19545) also isolated an enzyme from rat which was highly active towards «- and f-glycerol 
spleen, for which a Michaelis constant of 0-55mmM phosphates and phenyl phosphate, they obtained at 
was found. These authors concluded from their first preparations which had lost their activity 
studies on the specificity of the enzyme that it was towards f-glycerol phosphate and then some which 
an enzyme quite distinct from the phosphomono-_ were active only towards phenyl phosphate. The 
esterases. The results presented in this paper donot authors suggested that this separation of activities 
support this claim. As is shown in the following might be due to the selective destruction in one 
paper (Hofman, 1958), the enzyme is more active enzyme only of the configurations responsible for 
on phenyl phosphate than on casein. The evidence the formation of substrate-enzyme complex with 
given here suggests that the two activities are due any one substrate, rather than to the separation of 
to the same enzyme, because (a) they could not be three enzymes with narrow substrate specificity. 
separated by electrophoresis, (b) they are both The present experiments demonstrate that, at 
activated by thioglycollic acid, and Mg*+ ions have _ least with the spleen enzymes, two enzymes can be 
no effect, and (c) their pH optimum lies in the same separated, one which acts on phenyl phosphate, 
range. It would have been more satisfactory, of other aromatic phosphates and casein, but not on 
course, to show that the ratio of the two activities 8-glycerol phosphate, and the other which acts on 


Table 3. Effect of thioglycollic acid and Mg**+ ions on enzyme activity 


A volume (1 ml.) of substrate containing 3 x 10-* g. atoms of P/l. was incubated with 0-025 ml. of enzyme and mx- 
thioglycollic acid or mm-MgCl, or both (final concentrations), in a final vol. of 1-25 ml. After 10 min. at 37° the P liberated 
was determined. 

P liberated (yg./ml.) 


Thioglycollic MgCl, 

Substrate No addition MgCl, acid thioglycollic acid 
Casein 3-3 3-6 11 10 
Phenyl! phosphate 9 8 20 21 


Pyrophosphate 6 5 ll 10 
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8-glycerol phosphate. This separation is shown in 
Table 1, 
phatase and some of the phenyl phosphatase 
activity of Ay appears in B,, whereas all the p- 
glycerol phosphatase activity is found in A,. The 
last-named enzyme has not been further studied, 
but it would clearly be desirable to investigate its 


where most of the phosphoprotein phos- 


properties. 


SUMMARY 


1. An improved method for the preparation of 


phosphoprotein phosphatase from ox spleen is 
described. The enzyme was purified 60-fold with a 
yield of 21 %. 

2. The enzyme preparation was free from proteo- 
lytie activity and had no action on £-glycerol 
phosphate. 

3. The enzyme was active on caseins, phenyl 
phosphate and inorganic pyrophosphate. Hence it 
cannot be described as a specific phosphoprotein 
phosphatase. 

4. The pH optimum with caseins and phenyl 
phosphate was about pH 5-5. 

5. The enzyme was stable over a wide range of 
pH and at temperatures below 70°. 


The author wishes to thank Miss M. Cummings and 
Miss E. 8. Taylor for technical assistance, and also Imperial 
Chemical Industries Ltd. (Dyestuff Division) for a generous 
sample of Naphthalene Black 12B 200. 
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Although a number of studies on the nature of the 
phosphorus linkages in phosphoproteins and in 
caseins in particular have been made during the 
past 30 years, no definite conclusions about the 
site and nature of the phosphorus linkages can as 
yet be drawn. That the phosphorus may be linked 
to the hydroxyamino acids serine and threonine 
was suggested by the isolation of O-serine phos- 
phate by Lipmann (1933) and O-threonine phos- 
phate by de Verdier (1953). However, the isolation 
procedure of these compounds did not exclude the 
possibility that the phosphate group had migrated 

* Part 1: Hofman (1958 a). 

+ Present address: Department of Biochemistry, Uni- 
versity of Sheffield. 





to the hydroxyl group of serine and threonine 
during hydrolysis. This was suggested by Plapinger 
& Wagner-Jauregg (1953), who showed that serine 
ditsopropyl phosphate 
converted 


phosphorylated with a 
residue on the group 
hydrolysis into O-serine phosphate. A number of 


amino was on 
authors (see review by Perlmann, 1955) prepared, 
from enzymically degraded casein, phosphopep- 
tones which always contained serine and phosphate 
groups with a varying number of other acids. New 
interest was aroused in the nature of the phos- 
phorus linkages in caseins by the findings of 
Perlmann (19526). This author employed phos- 
phatases to remove, selectively, the phosphate 
ovalbumin, caseins and _ pepsin. 


groups from 
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During the course of the present study a detailed 
account was published by Perlmann (1954a, b), 
which suggested the presence of phosphomonoester, 
mixed phosphoamide ester and pyrophosphate 
linkages in «-casein and phosphodiester linkages in 
B-casein. The enzymes prostate phosphatase, in- 
testinal phosphatase, snake-venom phosphodi- 
esterase and yeast pyrophosphatase were used in 
that study. In the present work the action of phos- 
phoprotein phosphatase from ox spleen on caseins 
and a number of low-molecular-weight phosphates 
has been studied. In addition, the action of pros- 
tate phosphatase on caseins has been reinvesti- 
gated. As will be shown, the results do not support 
the findings of Perlmann. 

A preliminary account of some of these results 
has been given (Hofman, 1955). 


MATERIALS AND METHODS 
Enzymes 


Phosphoprotein phosphatase. The purified preparation B, 
described in the preceding paper (Hofman, 1958 a) was used 
throughout. 

Prostate phosphatase. Human prostate glands, which had 
been removed because of benign hyperplasia, were used as 
starting material. In some experiments an extract of 
sliced glands, prepared according to London & Hudson 
(1953) with 0-2 M-acetic acid—sodium acetate buffer, pH 5:9, 
was used after it had been dialysed. This is referred to 
below as the ‘unpurified enzyme’. A ‘purified enzyme’ 
preparation was made partly according to London & 
Hudson (1953). The dialysed extract was treated with 
calcium phosphate gel as described by these authors. From 
this step onwards the following procedure was adopted in 
preference to the method of these authors because of its 
simplicity, since the main purpose of the purification was 
to remove all proteolytic enzymes. Ammonium sulphate 
(7-26 g.) was added to the eluate from the calcium phos- 
phate gel (30 ml.) to 40% saturation. The inactive pre- 
cipitate obtained by centrifuging was discarded. The 
supernatant (34 ml.) was brought to 86% saturation with 
9-66 g. of ammonium sulphate. The precipitate containing 
most of the activity was centrifuged off, dissolved in 10 ml. 
of water and dialysed in the cold until it was free of 
ammonium sulphate. The solution (17 ml.) was then 
treated with 23 mg. of alumina gel C,, in 2 ml. of water to 
adsorb the enzyme. After the gel had been washed with 
water, the enzyme was eluted with 15 ml. of 0-005m- 
sodium citrate buffer, pH 7. Most of the activity was found 
in the eluate. This solution was used as the purified enzyme. 
When it was incubated for 24 hr. at 37° with haemoglobin 
(according to Anson, 1938) no proteolysis could be detected. 


Substrates 


Caseins. Fresh, pooled skim milk from Ayrshire cows or 
from British Saanen goats was used as starting material for 
the preparation of unfractionated caseins essentially 
according to Dunn (1949). From these the «- and B-caseins 
were prepared by the method of Warner (1944). Although 
unfractionated goat’s casein contains considerably more 
B-casein and less a-casein than cow’s casein (Dovey & 


T. HOFMAN 


1959 


Campbell, 1952), be separated by 
Warner’s method. 
analysis gave the following figures (on an ash- and moisture. 
free basis): «-casein, N, 15-5; P, 102%; B-casein, N, 15:3; 
P, 061%. These figures agree well with the published 
figures for pure «- and f-casein from cow’s milk (Hipp, 
Groves, Custer & McMeekin, 1952), indicating that the 
goat proteins may be very similar to those of the cow. 

Recently it has been shown that cow’s and goat’s « 
caseins are not homogeneous, but consist of at least two 
proteins (Waugh & Hippel, 1956; Hofman, 1958b). How. 
ever, it is thought that this does not affect the conclusions 
which can be drawn from the present work. 


they could easily 


For the goat caseins elementary | 


All the caseins were dried with alcohol and ether for | 


storing. 

Phosphopeptone. A small amount of Rimington’s phos- 
phopeptone (Rimington, 1927) was available. No study of 
its structure was possible, but qualitative amino acid 
analysis by paper chromatography showed that it con- 
sisted largely of serine and glutamic acid with smaller 
amounts of alanine, aspartic acid, glycine, valine and 
isoleucine. The phosphorus content of the 
peptone was 7:32%, which agreed well with the figure of 
7-44Y% obtained by Rimington (1941). 

Non-protein substrates. Diphenyl phosphate and di-(p- 
nitrophenyl) phosphate were synthesized by the method of 
Plumel (1948). They were at least 97% pure. O-Tyrosine 
phosphate was prepared according to Plimmer (1941) in 
over 95% purity, O-serine phosphate and O-threonine 
phosphate according to Plapinger & Wagner-Jauregg 
(1953) in about 90% purity. N-Phosphoalanine was 
kindly prepared as a hydrated magnesium salt by the 
method of Winnick & Scott (1947) by Dr W. Manson. 
s-Diphenyl pyrophosphate was prepared as the dicyclo- 
hexylamine salt, as described by Khorana & Todd (1953), 
with over 95% purity. The lithium salt of acety! phosphate 
of 75% purity was a gift from Dr J. L. Peel, and the N- 
(phenylphosphoro)glycine a gift from Dr R. S. Wake. The 
purity of all these compounds was assessed by melting 
point, phosphorus analysis, nitrogen analysis (where 
appropriate) and paper chromatography. 

All other compounds were commercial products whose 
purity was not assessed. 


leucine or 


Conditions of incubation 


Experiments with phosphoprotein phosphatase. Except 
where otherwise stated, 3-5 mm solutions of the substrates 
in 0-1 m-acetate, pH 5-9, were incubated at 37° for varying 
intervals with suitable amounts of enzyme and thio- 
glycollic acid to give the final concentrations of 2-7 x 10-* g. 
atoms of substrate phosphorus/]. and mm-thioglycollic acid. 
The amount of enzyme was chosen so that not less than 
10% of the substrate was hydrolysed in 2 hr. except where 
there was virtually no action on the substrate. The reaction 
was stopped by the addition of 1 ml. of 0-02M-silicotungstic 
acid and 2 ml. of 23 % (w/v) trichloroacetic acid to samples 
(1 ml.) of the incubation mixture. The inorganic phosphate 
was then determined according to the method of Martin & 
Doty (1949). When caseins were used as substrates samples 
(2 ml.) of the incubation mixture were treated with 2 ml. of 
0-02 m-silicotungstic acid and 4 ml. of 23% (w/v) trichloro- 
avetic acid. The precipitate was centrifuged off and the 
inorganic phosphate determined on 4 ml. of the super- 
natant. 


. —————— 
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For the estimation of the N-phospho- 
alanine a modified method had to be used because of the 
extreme lability of the compound. 


ments showed that the compound was hydrolysed extreme- 


hydrolysis of 


Preliminary experi- 
ly rapidly when in contact with trichloroacetic acid and 
molybdate for only a few seconds. 
analysis was therefore used. A sample (2 ml.) of the incuba- 
tion mixture was added to 2 ml. of a solution of 10% (w/v) 
calcium chloride in 0-5M-ammonium chloride at pH 9 and 
0° (Norberg, 1950). After standing for 30 min. at 0°, the 
inorganic phosphate had precipitated as calcium phosphate 
and was centrifuged off. A volume (1 ml.) of the super- 
natant was then added to 1 ml. of 0-02M-silicotungstic acid 
and 2 ml. of 23 % (w/v) trichloroacetic acid and the mixture 
was kept for 30 min. at 37°. This hydrolysed the remaining 
phosphoalanine to alanine and inorganic phosphate which 
was then estimated. 

Experiments with prostate phosphatase. These were 
carried out in a way similar to that described for phospho- 
protein phosphatase except that no activator was added. 
Both purified and unpurified enzymes were used. The sub- 
strate concentration in the final incubation mixture varied 
between mM and 20 mM. In all experiments which lasted 
more than 2 hr. chloroform and thymol were used as anti- 
septics. 


RESULTS 
Phosphoprotein phosphatase 


The action of this enzyme preparation on a number 
of substrates is shown in Table 1. It is evident that 
the enzyme is very active towards compounds in 
which the phosphate group is esterified with a 
phenolic hydroxyl group. Aliphatic monoesters were 
virtually not hydrolysed, with the exception of the 
ribonucleotides. The action on the ribonucleotides 
could be due to the presence of a specific nucleo- 
tidase as an impurity. 

The action of the enzyme on phosphodiesters and 
on a mixed amide [N-(phenylphosphoro)- 
glycine] was negligible. 

The preparation rapidly 
inorganic pyrophosphate and also adenosine tri- 
phosphate, which was converted into adenosine 
monophosphate and inorganic phosphate. On the 
other hand, when both phosphate groups in the 
pyrophosphate molecules esterified, 
diphenyl pyrophosphate and diphosphopyridine 
nucleotide, no hydrolysis took place. One of the 
most striking features was the very high activity of 
the enzyme towards acetyl phosphate. 


ester 


enzyme hydrolysed 


were as in 


It is not surprising that the enzyme also acted on 
phosphoamides, because all non-specific phospho- 
monoesterases so far studied have displayed some 
phosphoamidase activity (Moller, 1955). The 
enzyme acted not only on p-chloroanilidophos- 
phate, a standard substrate for the assay of phos- 
phoamidase activity, but also on N-phospho- 
alanine. Owing to the lability of this compound 


under the conditions of the experiment at pH 5-9, 
no initial 


rates of enzymic hydrolysis could be 





CASEIN AND PHOSPHATASES 


An indirect method of 
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determined, but Fig. 1 clearly demonstrates that 
the compound was hydrolysed by the enzyme. 
The action of the enzyme on the phosphate 
linkage in casein molecules was investigated in some 
detail. Fig. 2 gives a typical example of a time 
hydrolysis curve obtained cow’s 


on incubating 


Table 1. Action of phosphoprotein phosphatase 


on phosphate esters 


Initial rates of hydrolysis were determined as described 
under Materials and Methods. The activity is expressed 
relative to the activity (100) of the enzyme towards cow’s 
x-casein. 


Relative 
activity 
Caseins 
Unfractionated, cow 81 
Unfractionated, goat 64 
a-Cascin, cow 100 
a-Casein, goat 114 


B-Casein, cow 90 


B-Casein, goat 114 
Phosphopeptone 52 
Phosphomonoesters 
Aromatic 
Phenyl phosphate 200 
p- Nitrophenyl phosphate > 400 
O-Tyrosine phosphate 155 
Aliphatic 
a-Glycerol phosphate 0-25 
B-Glycerol phosphate 0-6 
Glucose 6- phosphate 0-79 
Glucose 1-phosphate 0-1 
Ribose 5-phosphate 0-64 
O-Serine phosphate 0-45 
O-Threonine phosphate 0-14 
Adenosine 5’-phosphate 4 
Adenosine 3’-phosphate 16 
Uridine 3’-phosphate 15 
Guanidine 3’-phosphate 21 
Cytidine 3’-phosphate 0-16 
Phesphoamides 
p-Chloroanilidophosphate 11-5 
N-Phosphoalanine + 
Phosphodiesters 
Diphenyl! phosphate OT 
Di-(p-nitrophenyl) phosphate 0-24} 
N-(Phenylphosphoro)glycine 0 
Pyrophosphates 
Inorganic pyrophosphate 117 
Adenosine triphosphate—adenosine Fast 
monophosphate 
s-Diphenyl pyrophosphate 0-747 
Diphosphopyridine nucleotide 0-89t 
Acetyl phosphate 900 


is no 





* Owing to considerable spontaneous hydrolys 
quantitative estimation of the initial rate of enzymic 
hydrolysis was possible (see also Fig. 2). 

+ Hydrolysis was determined by estimation of inorganic 
phosphate and phenol and p-nitrophenol respectively. 

{ Assayed spectrophotometrically with alcohol de shydro- 


genase. 
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casein with the 
of the 
Similar results were obtained with other 
well with 


enzyme. It shows that a complete 


removal phosphate groups was effected 
readily. 
caseins (Table 2). These findings agree 


those of Sundararajan & Sarma (1954b) who found 


that phosphoprotein phosphatase from _ rat’s 
100 
S 80 
E 40 — 
= a 
0 20 40 60 80 100 120 140 
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Fig. 1. Hydrolysis of N-phosphoalanine by phosphoprotein 
phosphatase. Incubation 0-1 m-acetate 
buffer, pH 5-9, with N-phosphoalanine (3 mm) as sub- 


strate. A, Hydrolysis by phosphoprotein phosphatase ; 


was at 37°, in 


, spontaneous hydrolysis. 
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Fig. 2. Hydrolysis of cow «-casein and phosphopeptone by 

phosphoprotein phosphatase. Experimental conditions 
Materials and Methods; 
strate concentration was equivalent to 3 x 10-° g. atoms 


were as described under sub- 


of phosphorus/l. O, «-Casein; A, phosphopeptone. 


Table 2. 
phosphoprotein phosphatase 


Hydrolysis of caseins by 


conditions were described under 
Methods. Substrate 


x 10-8 g. atoms of phosphorus/I. 


Experimental as 
Materials and 


equivalent to 3 


concentrations were 


Hydroly sis 


after 6-24 hr. 
Source Type of casein (%) 
Cow Unfractionated 94 
Cow a- 96 
Cow p- 89 
Goat Unfractionated 92 
Goat a- 102 
Goat p- 96 
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Table 3. Action of purified prostate phosphatase 


on phospho compounds 


Incubations were carried out at substrate concentrations 
equivalent to 1-3 x 10-* g. atoms of phosphorus/I. in 0-11 
pH 5-9 To 0-9 ml. of 
added the following amounts of the 
Materials and Methods): 
phosphate 


acetate, and 37 substrate wer 


‘purified enzyme’ (see | 


for B-glycerol phosphate, pheny 


and tyrosine phosphate, 0-5yl.; for sering 


phosphate and threonine phosphate, 1 ul.; for phospho 


peptone, 25yl., and for casein, 200 pl. Incubation times | 
varied between 10 min. and 4 hr. 
Rate 
(ug. of P/min./ml 
of enzyme) 
Pheny! phosphate 880 
O-Tyrosine phosphate 1100 
B-Glycerol phosphate 500 
O-Serine phosphate 5D 
O-Threonine phosphate 50 
Phosphopeptone 1-3 
Caseins 0-07-0-7* 


* Owing to the very slow 
values are only approximate. 


release of phosphate thes 


spleen readily splits all the phosphate from cow's 


a- and f-casein. The present enzyme removed only 


50% of the phosphate from each of two phospho- 
peptones one of which contained 7-32 % of phos- 
phorus and the other 3-8 %. 


with that of Sundaseenion & Sarma (1954a) who 


This finding contrasts 


showed that their purified enzyme had no appreci- 
able action on a phosphopeptone. 


Prostate phosphatase 


It has been claimed by Perlmann (1952a) that 


this non-specific phosphomonoesterase liberates 
40% of the phosphorus from «-casein and no 
phosphorus from f-casein, thus indicating that 
40 % of the phosphate in «-casein is in the form of 
We repeated these experi- 


ments and found that the action of this enzyme was 


a phosphomonoester. 
extremely slow. Table 3 gives the relative activity 
of a purified preparation of prostate phosphatase 
on various caseins and some low-molecular-weight 
phosphates. It shows that the enzymic release of 
phosphate from the low-molecular-weight phos 
phates was between 10? and 104 times as fast as 
that 


with 


from Similar results were obtained 


and 


casein. 


veronal-acetate citrate buffers over 
pH 5-0-6-5, the range which covers the optimum 
A number of other 


casein preparations gave similar results, with the 


pH of prostate phosphatase. 


exception of cow f-casein which, in agreement with 
Table 3 also 


Thompson & 


Perlmann (1952a), was not attacked. 
confirms the findings of Strickland, 
Webster (1956) that prostate phosphatase is con- 
siderably more active towards £-glycerol phosphate 
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and phenyl phosphate than towards serine phos- 
That the 
activity of the enzyme towards casein was not due 
to inhibition of the enzyme by the 
shown in an experiment in which phenyl phosphate 


phate and threonine phosphate. low 


caseins was 


was incubated with the enzyme in the presence of 


casein. No change in the rate of hydrolysis 
occurred. 

The amount of phosphate which could be 
released from «-casein by incubation for 24 hr. 
under the conditions of Table 3 varied with 
different casein preparations and was_ usually 
between 20 and 46%. Bohren (1955) found that 
under the (ional conditions of Perlmann 


(1952a) only 20% of the 
liberated. 
Prolonged incubation of cow 


casein phosphorus was 
a-casein, with re- 
peated additions of fresh enzyme of high activity, 
showed that approximately 40 % of the total phos- 
phorus was liberated (Fig. 3). 
hydrolysis decreased with time it never seemed to 
reach a value of zero, indicating that if the experi- 
ment could be carried on for a sufficiently long 
period considerably more of the phosphate might be 
released. No measurable 
during these experiments. 
It was not expected that additions of fresh 
enzyme would accelerate the hydrolysis because it 
was found that after incubating the enzyme with 
casein for 24 hr. at 37° activity 
towards phenyl phosphate had taken place. It was 
found that casein actually had a protective effect on 
the enzyme, 


proteolysis occurred 


no reduction in 


which in the absence of casein lost 
70% or more of its activity on incubation for 
24 hr. at 37°. When caseins were incubated with the 
unpurified enzyme, the release of phosphate was 
even slower than with the purified In 
these respects no differences were observed between 
the caseins from cow’s and goat’s milk. 


enzyme. 


of total) 


te 


40 


oO 


9 


20 


P liberated ( 


0 12 24 36 48 60 72 
Time (hr.) 


Fig. 3. Hydrolysis of «-casein by prostate phosphatase. 
Incubations were in 0-1M-acetate buffer, pH 5-9, at 37°, 
with substrate concentration equivalent to 3-6 x 10-* g. 
atoms of phosphorus/l.; 6 ml. of casein solution was 
mixed with 1-2 ml. of purified enzyme. At the times 
indicated by the arrows an additional 0-2 ml. of enzyme 
was added. 


CASEIN AND PHOSPHATASES 


Although the rate of 





DISCUSSION 


The present experiments were designed to provide 
evidence on two points: first, the type of linkage in 
which the phosphate group in casein is involved, 


and second, the amino acids to which is linked. 
(19544, b) indicates the 


following 


The work of Perlmann 
of the 
linkages in cow’s «-casein: 


presence types of phosphate 


monoester 
RO-PO(OH), (40%), 
mixed amide—ester 
RO*PO(OH)*NHR (40%) 

and disubstituted pyrophosphate 

RO+PO(OH):O-PO(OH):OR (20%), 
and, for f-casein, a diester 

RO-PO(OH):OR (100%), 

where R represents residues in the peptide chain of 
On the other hand, 
Thoai, Roche & Pin (1954) suggest the presence in 


casein. the experiments of 


a«-casein of diester 


bonds (50%). 


bonds (33%) and monoester 


The results obtained in the present work do not 
findings. The with 
phosphoprotein phosphatase do not indicate more 


support these experiments 


than one type of linkage. If is justifiable to 
assume that the specificity of an enzyme is the 
same whether it acts on phosphate links in small 
then the fact that 
the spleen phesphoprotein phosphatase used in 


molecules or in large molecules, 


these experiments did not act on phosphodiesters, 
such as diphenyl phosphate, or on mixed amide 
esters such as phenylphosphoroglycine or on di- 
substituted pyrophosphates. such as_ s-diphenyl 
pyrophosphate and diphosphopyridine nucleotide, 
indicates that it is unlikely that these types of 
bonds are present in the caseins. Phosphomono- 
ester to aromatic hydroxyl groups, phosphoamide, 
monosubstituted pyrophosphate and acyl phos- 
phate bonds are suggested as possibilities by the 
pattern of specificity (Table 

Although the phosphatases used in the studies on 
casein possess phosphoamidase activity it would 
appear unlikely that such bonds are to be found in 
they 
acid than in alkaline 
whereas the phosphate of casein is labile only in 
alkali (Plimmer & Bayliss, 1906). 


caseins, because would be expected to be 


more labile in conditions, 


The experiments with phosphoprotein phos- 
phatase suggest that the phosphate might be 


e. that of 
since the enzyme acts very strongly 


bound as ester to an aromatic hydroxy], i 
tyrosine, on 
esters. However, 
that all the 


Use was made 


such esters but not on aliphatic 


unpublished experiments showed 


tyrosine hydroxyl groups were free. 


in these experiments of the fact that at above pH 11 
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the tyrosine residue undergoes ionization, which 
leads to changes in the absorption spectra (Crammer 


& Neuberger, 1943). These changes do not occur if 


the hydroxyl group is esterified. It was found that 
even on complete dephosphorylation of the casein 


by alkali no change occurred either in the shape of 


the absorption spectrum or in the extinction, if the 
experiments were made in guanidine solutions. 
Some increase in the extinction at 250 and 295 my 
was found when the experiments were made in 
aqueous solution. This increase was not observed 
in the presence of guanidine, which indicates that 
it was due, not to the removal of the phosphate, but 
to the breaking of hydrogen bonds in which the 
tyrosine hydroxyl had been involved. 

No indication of the presence of any monosub- 
stituted pyrophosphate residues in the caseins has 
been obtained. 

Some experiments were made to show whether 
there are any acyl phosphate bonds, i.e. anhydride 
bonds between the phosphate and a carboxyl 
group of the protein. Hydroxylamine was allowed 
to react with casein under various conditions. 
any acyl bonds had been present, the hydroxyl- 
amine would have been expected to react with the 
carboxyl group to form a hydroxamic acid with the 
liberation of inorganic phosphate (cf. Lipmann & 
Tuttle, 1945). 
ated even with conditions under which some forma- 


No inorganic phosphate was liber- 


tion of hydroxamic acids took place. Under these 


albumin and glutamine also 
formed hydroxamic acids, showing that the amide 


It will 


conditions serum 


bonds were responsible for their formation. 


therefore be seen that the only remaining type of 


bond is that of a monoester. 

The only amino acids to which the phosphate 
group could be bound in an ester bond are serine 
and threonine, as tyrosine has been ruled out on the 
evidence of the spectrophotometric experiments. 
This link was, of course, already postulated by 
Lipmann (1933). However, Table 1 
phosphoprotein phosphatase has no activity on 


as shows, 
either serine or threonine phosphate. If these links 
are indeed present, then it must be assumed that 
the 
the phosphate ester and renders it susceptible to 
the enzyme. In analogy to this is the lability of the 
casein phosphorus with alkali. Whereas serine and 


incorporation into the peptide chain activates 


threonine phosphate are very stable to boiling 
sodium hydroxide, casein is readily dephosphoryl- 


ated even at room temperature. The possibility of 


serine and threonine phosphate links is supported 
by the isolation of serine phosphate by Lipmann 
(1933) and threonine phosphate by de Verdier 
(1953) after extensive enzymic and acid hydrolysis. 
However, Plapinger & Wagner-Jauregg (1953) 
suggested that the phosphate group could have 
migrated during the hydrolysis from some other 
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site to the hydroxyl group of serine and threonine, 
In support of this they showed that when serine 
which is phosphorylated by a diisopropyl! phos. 
phate residue on the amino group, 


(C,H, *O),PO+NH+CH(CO,H)+CH,*OH, 


the to the 
hydroxyl group giving the monoester O-serine 


is hydrolysed phosphate migrates 


phosphate. More recently, however, Rathlev & 
Rosenberg (1956) showed that such a migration 
does not take place if the phosphate group bears 
two free hydroxyl groups, as in N-phosphoscrine, 


(HO),PO+NH+CH(CO,H):CH,:OH. 


If therefore the phosphate group is bound to the 
casein by only one of its hydroxyl groups one would 
not expect a migration to take place during 
hydrolysis. 

The experiments with prostate phosphatase give 
little information on the nature of the phosphate 
links. First, as Table 3 shows, the liberation of 
phosphate from serine and threonine phosphates 
was very much more rapid than the liberation of 
phosphate from caseins. The liberation of phos. 
phate from other phosphomonoesters such as f- 
glycerol phosphate and O-tyrosine phosphate was 
greater still. Although, as indeed Perlmann 
(1952a, b) found, some 40% of the phosphate was 
released in 24 hr. this release was not complete but 
continued for at least 3 days. This low activity of 
the prostate phosphatase may be attributed either 
to a non-specific action on the casein phosphate or, 
which more likely, to the relative in- 
accessibility of the phosphate groups of casein to 
this enzyme. That part of the phosphate which was 
not liberated during the time of the experiment 
might be even less accessible and would therefore 
be released even more slowly. From this it is clear 


seems 


that prostate phosphatase is an unsuitable enzyme 
for such a study. 

Difficulties in interpreting this kind of exper- 
ment have been encountered not only in the present 
work but also in the work of Perlmann (19540). 
An unpublished experiment with purified phos- 
phodiesterase from the venom of Crotalus adam- 
anteus carried out by us showed that this enzyme, 
which is very active towards diphenyl phosphate, 
had no activity towards N-(phenylphosphoro)- 
glycine, 


C,H,*O+ PO(OH)+NH-CH,*CO,H, 


liberating neither phenol nor glycine. This enzyme, 

however, was used by Perlmann to show the 

presence of ' 
RO-PO(OH):NHR 

A similar difficulty was met 

with in an experiment with crystalline yeast pyr0- 


bonds in «-casein. 


phosphatase, an enzyme which was shown to be 
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specific for inorganic pyrophosphate (Heppel, 
1955). This enzyme was used to show the presence 
in a-casein of a disubstituted pyrophosphate link. 
Clearly, in the light of such conflicting evidence, 
any hypothesis on the way in which phosphorus is 
bound in casein must be treated with reserve. 


SUMMARY 


1. The action of purified phosphoprotein phos- 
phatase and prostate phosphomonoesterase on 
various caseins and on a number of low-molecular- 
weight phosphates was studied. 

2. The phosphoprotein phosphatase preparation 
showed highest activity towards substrates which 
had a phosphate group esterified with aromatic 
hydroxy! groups, towards «- and f-caseins from 
cow’s and goat’s milk, inorganic pyrophosphate 
and acetyl phosphate; ribonucleotides and phos- 
phoamides were hydrolysed to a smaller extent. 
Little or no activity was shown by the enzyme 
towards phosphodiesters, O-serine phosphate, O- 
threonine phosphate, «- and f-glycerol phosphate 
and disubstituted pyrophosphate. 

3. Prostate with a 
activity towards B-glycerol phosphate and phenyl 
phosphate, liberated inorganic phosphorus only 


phosphatase, very high 


very slowly from «-caseins and goat’s B-casein, and 
not at all from cow’s f-casein. 

4. The results are discussed in relation to the 
nature of the phosphorus linkages in caseins. 


The author thanks Miss M. Cumming and Miss E. S. 
Taylor for their technical assistance. He is indebted also to 
Dr W. Manson for the preparation of N-phosphoalanine, to 
Dr R. 8. Wake for a gencrous sample of N-(phenylphos- 
phoro)glycine and to Dr J. L. Peel for a gift of acetyl 
phosphate. Thanks are due also to Dr G. Weber and Dr 
D. T. Elmore for helpful discussions. 
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Studies of the biosynthesis of squalene and of 


cholesterol from acetate in recent years have indi- 
cated the formation from acetate of a branched- 
chain intermediate (‘isoprenoid unit’) with an iso- 
pentane skeleton (Wiirsch, Huang & Bloch, 1952; 
Cornforth, Hunter & Popjak, 1953; Cornforth & 
Popjak, 1954; Cornforth, Gore & Popjaék, 1957) in 
the synthesis of the triterpene and sterol. The 
nature of this intermediate eluded detection, 
although the discovery of the biosynthesis of 3- 
hydroxy-3-methylglutaric acid from acetate and 
acetoacetate by Rudney (1954) and by Bachhawat, 
Robinson & Coon (1954) raised high hopes that this 
acid, or some other substance derived from it, might 
prove to be the intermediate much sought after. 
These hopes were not fulfilled. 
and his colleagues showed (Bachhawat et al. 1954, 
1955, 1956; 1955; 
Coon, 1955), 3-hydroxy-3-methylglutaric acid is in 
rapid equilibrium in various biological systems 
with and 
3-methylglutaconic acids as well as with acetyl- 
and acetoacetyl-coenzyme A. Any attempt there- 
fore at labelling any of these branched acids with a 


As the work of Coon 


Coon, Robinson & Bachhawat, 


3-methylerotonic, 3-hydroxyisovaleric 


carbon isotope in a specific position led to a re- 
the label 
evidence could be obtained to show whether or not 


distribution of and no unequivocal 
an isopentane skeleton derived from any of these 
branched acids entered as a whole the cholesterol 
molecule. 


by 


Adamson & Greenberg (1957) excluded 
a careful study all the above-named branched 
3-methyl- 
glutaconic acid, as intermediates in the biosynthesis 
of cholesterol. 


acids, with the possible exception of 
Their article contains the references 
to previous work on this question. 

Skeggs et al. (1956) 
soluble residues a growth factor 
acidophilus requiring acetate for its growth. 


discovered in distiller’s 
Lactobacillus 
The 


new factor was able to replace acetate in the incu- 


for 


* Part 4: 


Cornforth, 


Gore & Popjak (1957). 


bation medium. This substance identified 
(Wolf et al. 1956, 1957) as the optically active 3- 
hydroxy-3-methylpentano-5-lactone; the parent 
acid was named mevalonic acid (Wolf et al. 1957). 
No distinction has been drawn between the acid 
and its lactone in their utilization by biological 


was 


systems; it is reasonable to suppose that hydrolysis 
of lactone to acid in such systems would be rapid. 
The acid bears a close chemical relationship to 
3-hydroxy-3-methylglutarie acid: this relationship 
prompted Tavormina, Gibbs & Huff (1956) to test 
acid labelled with ™“C 
intermediate in cholesterol synthesis. 
that liver 
DL-mevalonic 


mevalonic as a possible 
They found 
preparations converted the synthetic 
acid, labelled in position 2, into 
cholesterol with an efficiency of 43 % 
earbon (C-1) of mevalonic acid was eliminated as 
carbon dioxide (Tavormina & Gibbs, 1956). 

that mevalonic 


branched-chain C; 


)- The carboxyl 


These observations suggested 
acid gives rise directly to a 
intermediate, which, without participating in sid 
reactions, is used in the biosynthesis of squalene 
We thought that this idea could be 
tested by ascertaining first whether mevalonic acid 


and sterols. 


was a carbon source for the synthesis of squalene or 
and if so, 
the carbon atoms of mevalonic acid in the squalene 
The work reported here bears on these 


not, by determining the arrangement ot 
molecule. 
questions. 
A method the 
labelled mevalonic acid had not been re a 


suitable for synthesis of 
the American workers until after completion of the 
(Hoffman et al. 1957); a 


independently is therefore 


present expe riments 


method developed 
In addition a number of other substances, 


labelled with 


included. 
related chemically to mevalonic acid, 
14C were made and tested as possible intermediates 
the results with these sub- 
Some of 


in sterol 
are mentioned in the Discussion. 
the results have already been reported briefly 
(Cornforth, Cornforth, Popjaék & Gore, 1957). 


synthesis ; 
stances 


HO 
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SQUALENE SYNTHESIS FROM MEVALONIC ACID 


CH; 
co 
off, 
l ti Ac,O 
H,SO, 
CH, OH ite 
CH, 
Cc 
a 
‘ i: 
cH, CH MeO 
HO-CH, CO,H 
(IIT) 
CH, 
70 
CH 
Br-CH,*CO,Me 
| Zn 
CH, 
CH, we 
ie 
— i KO-Ac 
| 
CH,Br CO,Me 
CH, 
C 
AL 
én CH, + 
| | 
HO-CH, CO,H 


(VII) 
(cis and trans) 


CH, 


NaOH; H* 


CH, 


CO,Me 


Scheme 1. General outline of synthesis of mevalonic lactone and of related substances. 
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METHODS AND MATERIAL 


Preparation of vu-3-hydroxy-3-methyl-[2-“4C]pentano-5- 
lactone ({2-™*C mevalonic acid) and of other labelled substances. 
Scheme 1 gives the general outline of the syntheses carried 
out; the details are given at the end of the paper. The sub- 
stances (all labelled with C in position 2) tested were: 
3-hydroxy-3-methylpentano-5-lactone (I); 3-methylpent- 
2-eno-5-lactone (IT) and the cis-acid (III) derived from it; 
cis-3-methylpenta-2:4-dienoic acid (IV); 3-hydroxy-3- 
methylpent-4-enoic acid (V); 3-methylpenta-2:4-dienoic 
acid (mixture of cis and trans; VI); and 5-hydroxy-3- 
methylpent-3-enoic acid (mixture of cis and trans; VII). 

Preparation of liver homogenates. The livers of young rats 
(100-160 g. weight), anaesthetized with ether, were cut out 
and chilled in ice. 
blood, the livers were pressed through a stainless-steel 
barrel fitted with a piston and with a perforated plate at its 
end; the holes in this plate were of 1-5 mm. diameter. The 
liver pulp thus obtained was free from connective tissue, 
blood vessels and bile ducts, these having been retained on 
the inside of the perforated plate. Homogenates were made 
from this pulp according to Bucher & McGarrahan (1956) 
in a large Potter-Elvehjem type of homogenizer fitted with 
a nylon piston the diameter of which was 0-4 mm. less than 
that of the glass barrel. For each 10 g. of liver pulp 25 ml. 
of a 0-1M-potassium phosphate buffer, pH 7-6, containing 
0-03M-nicotinamide and 0-004m-MgCl, (Bucher & Mc- 
Garrahan, Unbroken cells, nuclei and 
large cell debris were removed by centrifuging at 700 g for 
15 min.; the supernatant obtained is designated below as 
‘homogenate’. Mitochondria removed from the 
homogenates by centrifuging at 10 000g for 25 min.; the 
supernatant, containing soluble proteins and microsomes, 


1956) was used. 


were 


is termed S49 

All incubations were made at 37° for 2-3 hr. 
In some experiments squalene was added to the incuba- 
tions; the squalene (20 mg.) was dissolved in 1 ml. of light 
petroleum (b.p. 40—60°) and added to the empty flasks. The 
solvent was removed by heating on the water bath under 


Incubations. 


a current of N,; the enzyme preparations were added 
afterwards. 
Coenzymes. Adenosine triphosphate (ATP) was the 


crystalline product of the Sigma Chemical Co., St Louis, 
Mo., U.S.A. Diphosphopyridine nucleotide (DPN), 95% 
pure, was obtained from the Pabst Laboratories, Mil- 
waukie, Wis., U.S.A. DPNH (about 64% of reduced 
coenzyme) and crystalline alcohol 
purchased Boehringer und 
Germany. 

Isolation of squalene and of cholesterol, and degradation of 


dehydrogenase 
Soehne, 


were 


from Mannheim, 


squalene. The methods used have been described previously 
(Popjak, 1954; Cornforth & Popjak, 1954). Since the 
results of the degradation of [™C]squalene may not be 
readily understood without reference to our previous work, 
a brief description of the main features of the procedure is 
included in the 

Assay of *C. This was done with a thin mica-window 
Geiger—Miiller counter as described previously (Popjak, 
1950). All counts infinite 
Under our present counting conditions a sample which 
contains luc of “C/g. gives at infinite thickness 1250 
counts/min./2 em.? Two batches of [2-C]mevalonic 
acid (assayed as the diphenylmethyl amide) were used: one 


main text. 
thickness. 


were corrected to 


area. 
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with a specific activity of 0-048 wc/umole and another with 


After the organs had been wiped clean of 
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an activity of 0-2 uc/umole. The number of micromoles of | 
lactone used in biosynthesis was calculated from the specifi 
activities of squalene and of cholesterol and from the weight 
of these products isolated. 


RESULTS 


——— 


Table 1 shows that liver homogenates to which 
squalene had been added at the start of the incu- 
bations converted [2-"4C]mevalonie acid into 
squalene with a high degree of efficiency: out of | 
10 pmoles of the pL-acid over 3 uymoles appeared in 
In comparison only minute amounts of | 
used for the synthesis of either 
squalene or of cholesterol. When squalene carrier 
was added to the homogenates not at the start of 
the incubations but at the end, most of the radio- 
activity appeared in the digitonin-prec ipitable | 
sterols rather than in squalene (Table 2). However, 
the sum of the micromoles of mevalonic acid used 
for squalene plus sterol synthesis was the same 
whether squalene carrier was added to the homo- 
genates or not. 

The full homogenate was not required for either 
squalene or sterol synthesis: the mitochondria 
could be removed by centrifuging without in- 
pairing materially the synthetic activity of the 
preparations. Table 3 shows that in the Sj, pre- 
parations only squalene was synthesized from 
mevalonic acid under anaerobic conditions. Under 
conditions most of the radioactivity 


squalene. 


acetate were 


aerobic 


Table 1. Synthesis of squalene and of sterol from 
[2-44C]mevalonic acid (MV A) and from [carboxy- 
MC acetate by liver homogenates 


Each flask contained: 13 ml. of homogenate, 10 moles 
of [2-“C]MVA or [1-“C]acetate, 6ymoles of DPN and 


20 mg. of squalene. Incubation was at 37° for 2 hr. 


pmoles of substrate 
converted into 


= ee es oy 
Substrate Squalene Sterol Gas phase 
MVA 3-120 0-108 Air 
Acetate 0-016 0-082 Air 
MVA 3°2% 0-025 Nitrogen 
Acetate 0-085 0-009 Nitrogen 


Table 2. Synthesis of squalene and of sterol from 
[2-4C]mevalonic acid by liver homogenate 


The flasks contained: 8 ml. of homogenate, 10 »moles of 
[2-4CJMVA and 6umoles of DPN. Squalene (20 mg.) was 
added to one of the flasks. Incubation was at 37° for 2 hr. 


45 min.; gas phase air. Ae y 
pmoles of MVA found in 


V 
Addition Squalene Sterol 
Squalene 1-16 0-84 
None 0-28 1-70 
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appeared in the sterols. Here too the presence of 
squalene in the reaction mixture from the start of 
the incubation had the effect of increasing the 
amount of 4C appearing in squalene and decreasing 
the amount in the sterol, but occasionally de- 
pressed the overall utilization of mevalonic acid 
(cf. Tables 2 and 3). When the diphosphopyridine 
nucleotide added to the incubation mixture was 
kept reduced with alcohol 
ethanol, there was more than a twofold increase in 
the amount of mevalonic acid incorporated into 


dehydrogenase and 


squalene. 

Next we carried out several large-scale incuba- 
tions of the type shown in Table 1 in order to 
prepare ["C]squalene from [2-C]mevalonic acid 
in amounts sufficient for chemical degradations. In 
all, 131 mg. of [?4C]squalene was isolated from eight 
experiments; this material, after the initial separa- 
tions from cholesterol by chromatography on 
alumina, was rechromatographed twice with a few 
milligrams of inactive cholesterol. There was no 
change in specific activity. The squalene isolated 
inactive 


from the incubations was diluted with 


material to 1 g.; one-half of this was used for 


degradation by ozonolysis, which cleaves squalene 


into acetone, laevulinic and succinic acids (ef. 
scheme 2, Cornforth & Popjaék, 1954). Since 


squalene is an isoprernoid polymer, from the bio- 
synthetic point of view it contains only five types 
of carbon atoms, which may be denoted, according 
to Klyne’s (1954) notation, by the letters w, w’, x, 
y and z (cf. formula VIIT) 
w’ fw 
( - 1 (VIII) 
w-a=y-2z} , \2-y=0-w 
The acetone is derived from the terminal iso- 
propylidene groups and contains carbon atoms 


Table 3. 


[2-“C]mevalonic acid by Sy preparation* 


Synthesis of squalene and of sterol from 


Each flask contained: enzyme (S,,) 2-5 ml.; 5 moles of 


ATP; 3 zmoles of DPN; 0-5 pmole of [2-“C]MVA. Addition 
of squalene (10 mg.) and gas phase as indicated. Incuba- 
tions were in Warburg flasks at 37° for 2 hr. In the an- 
aerobic incubations the MVA was tipped in from the side 
arms 10 min. after flushing out the flasks with N, and 
closing of the manometer taps. 


pmoles of MVA found in 
Addition and 


gas phase Squalene Sterol 
Squalene; air 0-016 0-097 
Squalene; air 0-0397 0-077} 
No addition; air 0-003 0-141 
No addition; air 0-004 0-135 
No addition; N, 0-143 0-000 
No addition; N, 0-132 0-000 


* 8.) represents homogenate less mitochondria. 
+ In this flask the DPN was kept reduced with 0-6 mg. 
of alcohol dehydrogenase and 10 pmoles of ethanol. 
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w-x-w’. The acetone was further degraded by 
treatment with sodium hypoiodite into iodoform 
(carbons w and w’) and acetic acid (derived equally 
from w+a and w’+2). The laevulinic acid mole- 
cules obtained from either side of the squalene 
contain the five carbon atoms of the isoprenoid 
units in the order w’—a—w-—z-y, y being the carboxy] 
group and x the carbonyl-carbon atom. It follows 
that the carbon-by-carbon degradation of laevu- 
linic acid alone will indicate the distribution of the 
label in the squalene molecule. This is fortunate 
because the succinic acid, which might be expected 
to contain only the four central carbon atoms of 
squalene (—y—z-z 
a small extent from carbon atoms - 
hence is not entirely suitable for our purpose. 

The laevulinic acid was further split into acetic 
[containing the carboxy] (C-1) and C-2 of laevulinic 
acid] and propionic acids (C-3, -4 and -5 of laevulinic 
acid) as described previously (Cornforth & Popjak, 
1954). 


The results are shown in Table 4, in which the 


y—), is apparently also derived to 
y-z—w-a—, and 


first column of figures gives the specific activity of 
the total carbon of the squalene and that of its 
fragments; the second column shows the molar 
specific activities, which were obtained by multi- 
plying the figures of the first column by the number 
of the carbon atoms contained in the particular 
fragment. The molar specific activity of the squalene 
is given as a multiple of 6 since it consists of 6 iso- 
prenoid units. 

The sum of the molar specific activities of the 
two fragments obtained from the acetone was 
equal to one-sixth of the molar specific activity of 


the squalene. Since the specific activity of the 


acetic acid [containing equally carbon atoms 
(w+a) and (w’+2)] was one-half of the specific 


activity of the methyl carbon atoms of acetone (w 
and w’), it is evident that carbon atom & contains 
no MC and that the radioactivity of the acetone is 
either distributed between w and w’ or is contained 
only in one of these carbon atoms. 

The laevulinic acid, which was assayed both as 
the 2:4-dinitrophenylhydrazone and as 4-amino- 
pentanoic acid, had a molar specific activity one- 
sixth of that of squalene. All the radioactivity of 
the 
atom, w, which is C-3 of this acid and appeared in 


laevulinic acid was confined to one carbon 
the process of degradation as the carboxyl-carbon 


atom of propionic acid. 


DISCUSSION 


Mevalonic acid, as shown by our results, is a pre- 
cursor not only of cholesterol as shown by Tavor- 
mina et al. (1956) but also of squalene. The fact 
that under anaerobic conditions liver preparations 
and 


mevalonic acid 


from 


synthesize squalene 
























Table 4. 


Compounds and fragments analysed 
Squalene 


Acetone (w+x+w’)*: 
Methyl carbon atoms (w, w’) 
Acetic acid (w +2; w’ +2) 
Laevulinic acid (w’ +x+w+z+y): 
4-Aminopentanoic acid 
Acetic acid (z +y) 
Propionic acid (w’ +z + w) 
CO,H of propionic acid (w) 
Acetic acid (w’ +x) from chromic 
acid-sulphuriec acid oxidation of 
4-aminopentanoic acid 
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Distribution of “C in squalene biosynthesized from [2-4C]mevalonic acid 


Specific activity 
of total carbon, 
counts/min. at 
infinite thickness 
+ standard error 
i) 


Molar specific 
activity 


788 3940 x 6 


1967 +98 1967 
1040 +52 2080 
777 +39 3890 

0 0 
1325+ 66 3975 
3880 + 194 3880 

0 0 


* The letters in parentheses indicate, according to Klyne (1954), the carbon atoms of isoprenoid units. 


aerobically mostly sterol, just as happens when 
acetate is used as a precursor (Bucher & McGar- 
rahan, 1956), adds further weight to the view (see 
Bloch, 1952) that squalene is an intermediate in the 
biosynthesis of sterols. 

The results of the degradation of squalene bio- 
synthesized from [2-C]mevalonic acid showed 
that there were only six labelled positions in the 
squalene, one in each of the two terminal isopropyl 
groups and four within the carbon chain of the 
hydrocarbon corresponding to carbon atom w of the 


isoprenoid units. Although by the degradation of 


acetone we cannot distinguish between carbon 


atoms w and w”, the analysis of the carbon atoms of 


the laevulinic acid indicated the presence of ™“C in 
only carbon atom w; hence we infer that even in 
the terminal isopropyl groups only one atom is 
labelled. The mevalonic acid therefore must have 
given rise to an isoprenoid unit, which without 
further degradation underwent polymerization to 
squalene. The results further showed that C-2 and 
the of 
remained distinct during the biosynthetic process. 


3-methyl carbon atom mevalonic acid 
That the two terminal ‘methyl’ groups of the iso- 
prenoid units undergoing condensation to squalen¢ 
have remained asymmetrically labelled is open to 
two interpretations. First the possibility must be 
considered that mevalonic acid itself or another C, 
compound derived from it is the condensing unit, 
C-5 of one unit being linked to C-2 of another unit; 
this leads to a hypothetical product containing not 
only branched methyl but also branched carboxyl 
groups, the latter afterwards 


being removed 


(cf. IX). The second possibility is that C-1 of 


mevalonic acid is lost before the condensation, 


leaving a compound with an isopentane (or iso- 
pentene) carbon skeleton. Such a compound might 
even have two apparently indistinguishable methyl] 





CH, CH, 
C CH ; CH= 
i it es = 
cH, CH CH CH 
| | 
CO,H CO,H 
(IX) 
groups and yet be treated by enzymes in an 
asymmetric manner. Apart from the type of en- 


zyme reactions that maintain an asymmetric 
labelling in citric acid (Ogston, 1948) there are other 
possibilities of an isoprenoid unit formed fron 
mevalonic acid remaining asymmetric in respect of 
its two ‘methyl’ carbon atoms. These questions 
might be resolved by isolation of the immediate 
successors of mevalonic acid in the sequence leading 
tosqualene. From enzyme incubations at least one 
substance derived from mevalonic acid has been 
isolated which on paper chromatograms appears to 
be far more polar than mevalonic acid (G. Popjak 
& A. de Waard, unpublished work). 

Since this work was completed and _ reported 
(Cornforth et al. 1957) Dituri, Gurin & 
Rabinowitz (1957) published results on the de- 
[2-14(}.- 


L- 


briefly 


gradation of squalene biosynthesized from 
mevalonic acid which are essentially identical with 
ours. These authors, however, favour the view that 
mevalonic acid or another C, compound derived 
from it is the condensing unit rather than a C; 
Amdur, Rilling & Bloch (1957) have 
reported 
[2-C: 


compound, 


also the synthesis of squalene from 





acid 
extract of baker’s yeast. The “C/*H ratio in the 
the the 
By this observation Amdur et al. 


3H Jmevalonic by a_ particle-free 


squalene synthesized was same as in 


mevalonic acid. 
(1957) excluded the possibility that C-5 of meva- 
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lonie acid is oxidized to carboxyl before condensa- 
tion. They also suggest that the condensing unit in 
the synthesis of squalene is mevalonic acid itself or 
‘a derivative of the same oxidation level’. 

We have considered various possible transforma- 
tions that mevalonic acid might undergo before the 
formation of squalene. In particular we envisaged 
that it may be first dehydrated cither to the «f- or 
gy-unsaturated compound (to 5-hydroxy-3-methyl- 
pent-2-enoic or to 5-hydroxy-3-methylpent-3-enoic 
acids The compounds (II)-—(VI1), 
whose formulae were shown in Scheme 1, were 


or lactones). 
synthesized and tested with the liver preparations 
(8,9) as possible precursors of cholesterol. Although 
the «B-unsaturated lactone (unlabelled) depressed 
the incorporation of C from [2-C]mevalonic acid 
into cholesterol by about 70%, the labelled com- 
pound, either in the lactone or free acid form, gave 
no [4C]cholesterol. No incorporation of label into 
cholesterol from any of the other compounds shown 
in Scheme 1 could be demonstrated either. These 
negative results can mean either that none of these 
substances is on the pathway from mevalonic acid 
to squalene and cholesterol or that an enzyme 
required to make the activated form of such inter- 
mediate(s) is lacking. The products (II)-(VII) are 
all derived from mevalonic acid by loss of one or 
two molecules of water; the only notable absentee 
among these anhydro compounds is_ trans-5- 
hydroxy-3-methylpent-2-enoic acid. 

One further experiment may be mentioned 
briefly. The possibility occurred to us that meva- 
lonic acid after dehydration and decarboxylation 
could give rise to isoprene itself which could readily 


by electron by the 


a 


shifts induced 
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attack of a cation. We have carried out an experi- 
ment in which an 8,9 liver preparation was incu- 
bated in a sealed system with [2-!4C]mevalonic acid 
and unlabelled isoprene. At the end of a 2 hr. incu- 
bation the isoprene was trapped under reduced 
pressure into a receiver cooled with liquid air and 
containing a saturated solution of sulphur dioxide. 
The isoprene—sulphur dioxide polymer was isolated, 
but it contained no traces of radioactivity. On the 
other hand, the isoprene depressed the incorpora- 
tions of 4C from mevalonic acid into cholesterol to 
one-half of the In the 
experiment 1-6 umoles of the acid were converted 
into sterol(s) by 10 ml. of S,); in the presence of 
isoprene (50mg. were added, most of which of 
course existed in the vapour phase at 37°) only 
0-83 pmole of the acid was utilized. We do not think 
it justifiable to conclude that the isoprene had 


control value. control 


‘diluted’ the radioactivity derived from mevalonic 
acid; it is more likely that it was toxic to the 
preparation. 

the 
cyclization of squalene to sterol (lanosterol) pro- 
ceeds according to the general scheme put forward 
by Woodward & Bloch (1953). We may thus 
predict the positions of labelled carbons in lano- 


All experimental evidence indicates that 


sterol and cholesterol derived from [2-'4C]meva- 
lonie acid. This is shown in Scheme 2. [Since this 
paper was submitted for publication Isler, Riiegg, 
Wursch, Gey & Pletscher (1957) reported the 
partial degradation of [!4C]cholesterol 

thesized from [2-14C]mevalonic acid. They found 
that C-7, C-22 and either C-26 or C-27 of the sterol 
were labelled. The results were consistent with the 
that the ['C]cholesterol 


biosyn- 


assumption contained 


af 


HO 


Squalene 






Cholesterol 


HO 


Scheme 2 


The black circles indicate the labelled 


Lanosterol 


cen 


Predicted labelling of sterol formed by cyclization of squalene biosynthesized from [2-“C]mevalonic acid, 


positions in squalene and in sterols, 
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only five labelled positions and are thus in com- 
plete agreement with our prediction.] If it is 
assumed, as Tavormina et al. (1956) suggested, that 
only one of the optical enantiomorphs of the 
synthetic Di-mevalonic acid is used in sterol 
synthesis we may calculate that the maximum 
utilization of the pt-[2-!4C]mevalonic 
cholesterol synthesis should not exceed 50 x 5/6= 
41-7%. In the experiments of Tavormina et al. 
(1956) a maximum of 43% of the DL-acid was 
into cholesterol. In numerous experi- 


acid for 


converted 
ments, not reported here, with various liver pre- 
parations we have never observed a conversion 
greater than 42%. Gould & Popjaék (1957) re- 
ported that after administration of p1L-[2-'C}- 
mevalonic acid to mice 40 % of the radioactive dose 
could be recovered in body cholesterol, 10% in 
expired carbon dioxide and 50 % in the urine. Since 
in the conversion of Janosterol into cholesterol the 
three methyl carbon atoms of the former, from 
positions 4:4’ and 14, are as carbon 
dioxide (Gautschi & Bloch, 1957), on complete 
utilization of one enantiomorph of [2-!4C]mevalonic 


removed 


acid for cholesterol synthesis 8-3 % of the “C must 
appear as dioxide. 


EXPERIMENTAL 


Preparation of 3-hydroxy-3-methylpentano-5-lactone 
(mevalonic lactone) 


3-Oxobutyl acetate. 3-Oxobutanol was prepared by the 
method of White & Haward (1943) and acetylated accord- 
ing to Buchman & Sargent (1945) with acetic anhydride 
and concentrated sulphuric acid. It was inadvisable to 
increase the scale of the acetylation beyond 10 g. of oxo- 
butanol, but the products of several runs could be com- 


bined for distillation. In a typical experiment 30g. of 


oxobutanol was acetylated in three batches of 10 g.; after 
45 min. a little anhydrous sodium acetate was added and 
the mixture distilled from a fractionating Claisen flask, 
giving 35 g., b.p. 78-84°/15 mm. This was heated at 35-40 
at 0-2 mm. for 1-5 hr. to remove acetic anhydride, then 
distilled, the first few millilitres of distillate being rejected 
until the distilling liquid gave no immediate strong acid 
reaction with moist litmus paper; yield 29-6 g., b.p. 36- 
38°/0-2 mm. On being kept for some time at room temper- 
ature oxobutyl acetate develops an acid reaction from the 
liberation of acetic acid; this does not occur at 4°. 

Methyl 3-hydroxy-3-methyl-5-acetoxypentanoate. 3-Oxo- 
butyl acetate (3-0 g.) and methyl bromoacetate (3-5 g.) 
were dissolved in dry ether (15 ml.) and added to zinc 
filings (3-0 g.; 2 equiv., activated by washing with 2% 
hydrochloric acid, ethanol, acetone and dry ether and heat- 
ing in vacuo with a crystal of iodine). The mixture was 
stirred and refluxed for 4 hr., during which time a gummy 
complex separated. (The reaction usually becomes exo- 
thermic for a time after a period varying from 20 min. to 
1-5 hr.) After cooling in ice-water the complex was de- 
composed with acetic acid (1-3 ml.) in water (10 ml.) with 
vigorous stirring. The aqueous layer was saturated with 
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ammonium chloride and extracted four times with ether, 
The ethereal solution was washed with a small volume of 
saturated sodium bicarbonate solution, and the bicarbon- 
ate washing was saturated with sodium chloride and ex. 
tracted once with ether. The ethereal solution was dried 
over anhydrous magnesium sulphate and evaporated, and 
the residue was distilled, giving 2-9 g. (62%) of methyl 3. 
hydroxy-3-methyl-5-acetoxypentanoatle, b.p. 80-82°/0-1 mm. 
(Found: C, 52-8; H, 7-6. C,yH,,0,; requires C, 52-9; H, 
78%). 

3-Hydroxy-3-methylpentano-5-lactone (1). Methyl 5. 
acetoxy-3-hydroxy-3-methylpentanoate (2-9 g.) 
lowed to stand at room temperature for 40 hr. with an 
excess of methanolic N-potassium hydroxide solution 
(65 ml.); an equivalent amount of hydrogen chloride in 
methanol was added, the precipitated potassium chloride 
filtered after chilling and the filtrate evaporated. The 
residue was extracted with chloroform, and the solution 
was filtered, evaporated and distilled. The first distillation 
gave 1-95 g., b.p. 115°/0-1 mm.; redistillation gave a small 
fore-run and 1-6 g. (86%) of 3-hydroxy-3-methylpentano- 
5-lactone, b.p. 110°/0-lmm. (Found: C, 55-5; H, 758. 
Calc. for CgH,)0,: C, 55-9; H, 7°7%). 

A paper chromatogram of the hydroxamate, developed 
with butanol-acetic acid—water (4:1:5, by vol.) and 
sprayed with ferric chloride solution gave a single spot with 
an R, of 0-57. If an old, instead of a fresh, solvent system 
is used in chromatography, the hydroxamate moves more 
slowly (R, 0-42-0-45). 

The diphenylmethylamide was prepared by refluxing 
with a slight excess of diphenylmethylamine in benzene for 
lhr. The benzene was evaporated and the residue was 
rubbed with dilute phosphoric acid, collected, washed with 
water until acid free, dried and recrystallized from benzene. 
It had m.p. 97-98°. [Wolf et al. (1956) gave m.p. 93-95° for 
the diphenylmethylamide of p1i-mevalonic acid and 
Eggerer, Lynen, Rauenbusch & Kessel (1957) gave m.p. 
96-97°.] 

The (—)menthoxyacetate of the diphenylmethylamide was 
prepared by treatment with (—)menthoxyacetyl chloride 
in pyridine. It crystallized in colourless prisms from 
cyclohexane or dibutyl ether. Repeated recrystallization 
raised the m.p. to 86-88°, but no resolution was effected 
(Found: C, 72-9; H, 8-2. C,,H,,0,N requires C, 73:1; H, 
8-5). 

3-Methylpent-2-eno-5-lactone (11). 3-Hydroxy-3-methyl- 
pentano-5-lactone (2-2 g.) was heated in a distilling flask 
with fused potassium hydrogen sulphate (4 g.) at 14 mm. 
Dehydration commenced at 80° and the 3-methylpent-2- 
eno-5-lactone distilled at 115-120°/14 mm. (1-83 g.); re- 
distillation gave 1-71g. (91%), b.p. 118-120°/14 mm., 
n21 1-4840 (Found: C, 64-4; H, 7-0. C,H,O, requires ¢, 
64-3; H, 7-1%). That the new lactone formed was pre- 
dominantly, if not entirely, «B-unsaturated was shown by 
the facts that it could be titrated to only a very small 
extent with 0-1n-NaOH even on warming, that it did not 
react with diphenylmethylamine in boiling benzene and 
that its ultraviolet absorption (end absorption at 21404, 
« 8000) corresponds with that of hex-2-eno-5-lactone 
(parasorbic acid) (Haynes & Jones, 1946). The unsaturated 
lactone polymerized slowly when kept at room temperature. 

cis-5-Hydroxy-3-methylpent-2-enoic acid (III). 3-Methy)- 
pent-2-eno-5-lactone (500 mg.) was heated on the steam 
bath for 15 min. with 5 ml. of n-sodium hydroxide and 


was al- 
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cooled and 2n-hydrochloric acid (2-5 ml.) added. The 
solution was saturated with ammonium chloride and ex- 
tracted five times with ether. The ethereal solution was 
dried and evaporated in vacuo and the residue recrystal- 
lized twice from benzene; cis-5-hydroxy-3-methylpent-2-enoic 
acid was thus obtained in colourless prisms (244 mg.), m.p. 
72-73° (Found: C, 55-2; H, 7-6; C,H,)0, requires C, 55-4; 


H, 7:7%). 


The S-benzylthiuronium salt was prepared by addition of 


an ethanolic solution of S-benzylthiuronium chloride to a 
neutral solution of the sodium salt and concentration of the 
solution in vacuo. It crystallized, from ethyl acetate con- 
taining a little ethanol, in colourless needles, m.p. 140 
(Found: N, 9-6. ©,,H_.50,N.8 requires N, 9-5%). 

The acid liquefied slowly on keeping; titration showed 
that the liquid was largely lactone. Esterification with 
diazomethane in ether gave methyl cis-5-hydroxy-3-methyl- 
pent-3-enoate, b.p. 114°/15 mm. (Found: C, 58-3; H, 8-6. 
C,H,,0, requires C, 58-3; H, 8-3%), nj) 1-4729, ultraviolet 
absorption, A,,,x, 2200A (€ 12 000). 

cis-3-Methylpenta-2:4-dienoic acid (IV). This was pre- 
pared from 3-methylpent-2-eno-5-lactone by a modification 
of the method of Eisner, Elvidge & Linstead (1953), who 
converted hex-2-eno-5-lactone into cis—trans-sorbic acid by 
means of sodium methoxide in methanol. Potassium 
(90 mg.) was dissolved in tert.-butanol (2-5 ml.), the solution 
cooled and diluted with dry ether (1 ml.). 3-Methylpent-2- 
eno-5-lactone (260 mg.) in dry ether (1 ml.) was added with 
cooling in ice. The potassium salt of cis-3-methylpenta-2:4- 
dienoic acid was precipitated immediately ; it was collected 
(313 mg.) and dissolved in a small volume of water and the 
solution acidified to Congo red with dilute sulphuric acid. 
The precipitated acid was collected, washed with ice— 
water and dried (173 mg.; yield 66%, m.p. 65-67°). The 
acid recrystallized from water or light petroleum (b.p. 40- 
60°) in colourless needles or prisms, m.p. 66-67° (Found: 
C, 64:4; H, 7-3. C,H,O, requires C, 64-3; H, 7-1%). Ultra- 
violet absorption, A,,,,. 2500A (ec 17000). It polymerized 
slowly at room temperature. 

The S-benzylthixrunium sali crystallized from ethanol- 
ethyl acetate in colourless prisms, m.p. 146-147° (Found: 
C, 60-0; H, 6-4; N, 9:9%. C,,H,,0.N.S requires C, 60-4; 
H, 6-5; N, 10%). 

3-Hydroxy-3-methylpent-4-enoic acid (V). Methyl vinyl 
ketone (18-6 g.) and methyl bromoacetate (38 g.; slight 
deficiency) were dissolved in dry benzene (100 ml.) and 
30 ml. of the mixture was added to activated zine filings 
(20 g.) in dry benzene (100 ml.). The mixture was refluxed 
and stirred until reaction set in (about 1 hr.); the remainder 
of the solution was then added dropwise and refluxing 
continued for 1 hr. after the addition. The mixture was 
cooled and decomposed with an ice-cold solution of acetic 
acid (20 ml.) in water (180 ml.) with stirring. The aqueous 
layer was saturated with ammonium chloride and extracted 
several times with ether. The combined benzene-ether 
solution was washed free of acid with sodium bicarbonate 
solution; the washings were saturated with sodium chloride 
and re-extracted with ether. After evaporation of the 
solvents, distillation of the residue gave methyl 3-hydroxy-3- 
methylpent-4-enoate (17-2 g.; 48%, calculated on methyl 
bromoacetate), b.p. 69-70°/15 mm., nj 1-4391 (Found: C, 
58:2; H, 8-3. C,H,,0, requires C, 58-3; H, 8-3%). The ester 
is soluble in water. Heilbron, Jones, Julia, & Weedon 
(1949) prepared the corresponding ethy] ester in 34% yield 





FROM MEVALONIC ACID 


by the Reformatsky reaction; their lower yield was 
probably due to loss during working up because of the 
solubility of the substance in water. 

The ester (2-8 g.) was hydrolysed with methanolic n- 
potassium hydroxide (38 ml.) for 48 hr.; 38 m-equiv. of 
methanolic hydrogen chloride was added, the solution was 
filtered and evaporated and the residue distilled. 3- 
Hydroxy-3-methylpent-4-enoic acid (1-9 g.) distilled at 86 
0-05 mm. (Found: C, 55-3; H, 8-1. C,H, 0, requires C, 
55-4; H, 7-7%). The acid showed no ultraviolet absorption. 

The S-p-nitrobenzylthiuronium salt crystallized from 
ethanol in faintly yellow prisms, m.p. 139° (Found: C, 49-2; 
H, 5:7. C,4H,0;N,8 requires C, 49-3; H, 56%). 

Allylic rearrangement of methyl 3-hydroxy-3-methylpent-4- 
enoate. After the failure of some attempts to rearrange 
methyl 3-hydroxy-3-methylpent-4-enoate directly with 
dilute sulphuric acid, the indirect method, frequently used 
in the terpene series, via the primary bromide and acetate 
(cf. Ruzicka & Firmenich, 1939), was successfully applied. 

Methyl 3-hydroxy-3-methylpent-4-enoate (9 g.) 
dissolved in light petroleum (b.p. 40-60°) (18 ml.) con- 
taining pyridine (1-5 ml.) and a solution of phosphorus 
tribromide (2-7 ml.) in light petroleum (10 ml.) added drop- 
wise during 30 min. with stirring at 


153 


was 


7°. The mixture was 
stirred for 2 hr. longer, the temperature being allowed to 
rise gradually to 10°. Ice—-water was then added and stirring 
continued for 15 min. The petroleum layer was separated, 
washed with water and with dilute sodium 
solution, dried and evaporated in vacuo. The crude bromide 


bicarbonate 


(11-8 g.) was shaken with powdered anhydrous potassium 
acetate (36 g.) in dry acetone (240 ml.) for several days. 
After filtration the acetone was evaporated and the residue 
was dissolved in ether, washed with sodium bicarbonate 
solution, dried, evaporated and distilled; it gave 3-3 g., 
b.p. 56-60°/15 mm., a small intermediate fraction, and 
3-7 g., b.p. 58-60°/0-01 mm. The fraction with the lower 
b.p. was methyl 3-methylpenta-2:4-dienoate (Found: C, 
66-7; H, 8-0. C,H,,O, requires C, 66-7; H, 7-°9%. Ultra- 
violet absorption, A,,,, 25004 (€ 20 000); nZ} 1-4902). Gas- 
phase chromatography (kindly carried out by Dr A. T. 
James) showed this to be a mixture of approximately 
equal amounts of cis and trans esters. The fraction with the 


higher b.p. was methyl 5-acetoxy-3-methylpent-3-enoate 
(Found: C, 58-1; H, 7-9. C,H,,0, requires C, 58-1; H, 
7-5%). Ultraviolet absorption, end absorption at 21504 


(e 1300); 2) 1-4530. 

3-Methylpenta-2:4-dienoic acid (cis-trans mixture) (V1). 
Methyl 3-methylpenta-2:4-dienoate (1 g.) was hydrolysed 
with cold methanolic N-potassium hydroxide (16 ml.) for 
5 days; after removal of the methanol, addition of water 
and acidification, the product was isolated by ether ex- 


traction. 3-Methylpenta-2:4-dienoic acid (0-7g.) was 
obtained, b.p. 60°/0-04 mm. (Found: C, 63-5; H, 7-6. Cale. 


for CsH,O, C, 64-3; H, 7-1%). Ultraviolet absorption, 
Amax, 2500A (€ 17000). The acid crystallized on cooling 
to 0°. 

The S-benzylthiuronium salt crystallized from aqueous 
50% ethanol or from ethanol-ethyl acetate in colourless 
needles, m.p. 153-154°, mixed m.p. with S-benzylthiuro- 
nium salt of the pure cis acid, 148-149°. Heilbron e¢ al. 
(1949) give m.p. 162° for the S-benzylthiuronium salt of the 
dienoic acid obtained by rearrangement of the condensa- 
tion product of ethoxyethynylmagnesium bromide with 
methyl vinyl ketone or by dehydration of the Reformatsky 
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product from ethyl bromoacetate and methyl vinyl ketone 


followed Their acid had A 24904 (e 


20 500). 


by hydrolysis. es 

cis- and trans-5-Hydroxy-3-methypent-3-enoic acids (VII). 
Methyl 5-acetoxy-3-methylpent-3-enoate (3-0g.) was 
hydrolysed with 0-1N-NaOH (470 ml.) for 24 hr., neutral- 
ized to phenol red, concentrated and acidified; the solution 
was saturated with ammonium chloride and extracted four 
times with ether. After drying and evaporation, the residue, 
and trans-5-hydroxy-3- 
methylpent-3-enoic acids, was distilled. The 
3-methyl pent-3-eno-5-lactone 


consisting of a mixture of cis- 
cis acid 
lactonized, (0-58 g.), 
b.p. 62-66°/0-05 mm., and the trans acid (0-43 g.) distilled 


at 126-130°/0-05 mm. Methanolic potassium hydroxide or 


giving 


aqueous alkali stronger than 0-1N could not be used for 
the hydrolysis owing to the facile production of dienoic 
acid. 

The lactone was purified by washing its ethereal solution 
with sodium bicarbonate solution, drying and redistilling; 
0-33 g., b.p. 108—-110°/14 mm., was thus obtained (Found: 
C, 64-0; H, 7-2. C,H,O, requires C, 64-3; H, 7-1%). The 
lactone could be titrated slowly when hot with 0-1N- 
alkali. It polymerizes if kept at room temperature. The 
diphenylmethylamide, prepared as described for mevalonic 
lactone, crystallized from benzene in colourless prisms, 
m.p. 129-130° (Found: C, 77-4; H, 7-2. C,yH,,O.N requires 
C, 77-33 H, 71%). 

The trans-5-hydroxy-3-methylpent-3-enoic acid crystal- 
lized on keeping in the cold room. It was purified by low- 
40°) recrystallization from dry ether and 
thus obtained in colourless prisms, m.p. 50-52° (Found: 
C, 55-6; H, 8-1. C,H,,0, requires C, 55-4; H, 7-7%). It did 
not give a crystalline S-benzylthiuronium salt. 


temperature ( 


Infrared spectra. For most of the products described 
the spectra showed bands in the expected regions, but 
3-methylpent-2- and 3-methylpent-3-eno-5- 
lactones showed a pronounced band in the hydroxyl region 
(3200-3300 em.-"). Treatment of the lactones with deu- 
terium oxide and redistillation did not alter the infrared 
spectra; the bands at 3200-3300 cm. 
overtones of C:O stretching absorption (Jones & Sandorfy, 


1956) 


those of 


are presumably 


Preparation of labelled compounds for 
biological experiments 


|2-4@C]|Mevalonic lactone. This the 
described above by using methyl [2-C]bromoacetate pre- 
esterifying [2-“C]bromoacetic acid (5-5 mc) 
from the Radiochemical Centre, Amersham, 
Bucks) with diazomethane and diluting to 3-5 g. 
labelled methyl bromoacetate. 
specimen was made from 0-5 mc diluted to 1-5 g. These two 


was made on scale 
pared by 
(obtained 
with un- 


A previous less active 


specimens had specific activities of 0-2 and 0-048 yc/umole 

respectively (assayed as the diphenylmethylamide). 
3-Methyl-|2-"C] pent-2-eno-5-lactone. 

as described, from [2-™C]mevalonic lactone (0-2 4c/umole; 


30 mg.) diluted with unlabelled lactone ( 
redistilled product was thus obtained. 


This was prepared, 
90 mg.); 95 mg. of 


cis-5-H ydroxy-3-methyl-[2-4C]pent-2-enoic acid and cis- 
3-methyl-[2-!C)penta-2:4-dienoic acid. These were prepared 
as described above from 40 mg. samples of the unsaturated 
lactone. 

3-Hydroxy-3-methyl-[2-"C] pent-4-enoic 3-methyl- 
2-4C | penta-2:4-dienoic acid (cis- + trans-) and 5-hydroxy-3- 
methyl-[2-4C)pent-3-enoic acid (cis- +trans-). The Reform- 


acid, 


J. W. CORNFORTH AND OTHERS 
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atsky reaction on methyl vinyl ketone was carried out, as 
described, with methyl bromoacetate (1-5 g. containing 
0-5 mec of methyl [2-“C]bromoacetate); 0-77 g. (55%) of 
methyl 3-hydroxy-3-methyl-[2-“C]pent-4-enoate was ob- 
tained. A portion (70 mg.) of this ester was hydrolysed 
with methanolic 
evaporated, the residue neutralized to phenol red with 
0-1N-HCl and the solution 1 ml. The 
remainder of the ester (700 mg.) was converted as described 
into methyl 3-methyl-[2-“C]penta-2:4-dienoate (199 mg.) 
and methyl 5-acetoxy-3- methyl -[2-C]pent -3-enoate 
(283 mg.). 3-Methyl-[2-"C]penta-2:4-dienoic acid (cis- 

trans-) was prepared by hydrolysis of the ester and isolated 
by distillation. A solution containing cis- and trans-5- 
hydroxy-3-methyl-[2-“C]pent-3-enoie acids was prepared 
by hydrolysis of the corresponding ester (59 mg.) with 
0-1N-NaQOH, neutralization and concentration to 1 ml. 


potassium hydroxide, the _ methanol 


concentrated to 


SUMMARY 


1. 3-Hydroxy-3-methylpentano-5-lactone (meva- 
lonic lactone) and a number of other C, compounds 
related to it have been synthesized and labelled 
with MC in position 2. 

2. In liver homogenates [2-!4C]mevalonice acid is 
an efficient precursor not only of sterols but also of 
squalene provided that the incubations are made 
anaerobically. Mitochondria are not required for 
the biosynthesis of either squalene or sterol. 

3. [74C]Squalene from [2-4C}- 


mevalonic acid was degraded chemically and was 


biosynthesized 


found to contain only six labelled positions in the 
chain of the the methy}- 
carbon atoms of squalene were not labelled. 

4. The results indicate that all carbon atoms in 
mevalonic acid retain their individuality during 


molecule; branched 


biosynthesis. 

5. Six substances related to mevalonic acid (all 
being anhydro compounds of the acid) were also 
tested as possible intermediates in the biosynthesis 
of squalene and sterol, but all gave negative 


results. 


We are grateful to Professor A. Wormall, F.R.S., for a 
generous supply of squalene. 
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Studies on Sulphatases 


20. 


ENZYMIC CLEAVAGE OF ARYL 


HYDROGEN SULPHATES 


IN THE PRESENCE OF H,*0O* 


By 


B. SPENCER 


Division of Cancer Research, Washington University Medical School, St Louis, Missouri, 
and Department of Biochemistry, University of Wales, Cardifft 


(Received 5 December 1957) 


Two types of arylsulphatase have been recognized 
(Dodgson & Spencer, 1957a), the distinction 
between them being based on their relative sub- 
strate affinities and _ their towards 
various inhibitors. Type I arylsulphatases have an 


behaviour 


appreciable activity towards monopotassium p- 
nitrophenyl sulphate (NPS) and monopotassium 
p-acetylphenyl sulphate (APS) but are less active 
towards dipotassium 2-hydroxy-5-nitropheny! sul- 
phate (nitrocatechol NCS). Type II 
enzymes have the reverse specificity, being in- 
variably highly active towards NCS but only feebly 
active towards NPS and APS. The arylsulphatases 
are widely distributed in nature but so far only 


sulphate, 


vertebrates are known to possess both type I and 
type IIT enzymes simultaneously. 

* Part 19: Dodgson & Wynn (1958). 

+ Present address. 


The premises on which speculations about the 
function of these two types of arylsulphatase may 
be based are few. The fundamental issue, which has 
yet whether the 
exert a purely hydrolytic role or whether this is 


not been decided, is enzymes 


only a reaction in vitro and that in vivo they 
actually act as transferases. Two transferring 
activities can be envisaged involving the transfer of 
either the phenol or the sulphate group. In order to 
decide which of these reactions may be possible, the 
position of cleavage of arylsulphates by arylsul- 
phatases has been studied by hydrolysis of the 
substrates in H,'8O followed by isolation of the 
liberated sulphate and assay of its %O content. 
Cleavage of the C—O bond (1) will yield inorganic 
sulphate containing no %O, whereas if the O-S 
bond is split (2) the #%O content of the liberated 
sulphate will be one-quarter of the atoms per cent 
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80) of the aqueous medium. Knowledge of the site 
of cleavage will allow deductions to be made con- 
cerning the possible mechanism of action of the 


enzymes. 


Ar--O 


SO, O > Ar'8-OH+HO-SO, (1) 
H*%0:H 
Ar—O SO,_——_O- — Ar-OH+H"0O-SO, (2) 
H: 80H 


EXPERIMENTAL 


Materials 


Arylsulphates. Monopotassium p-acetylphenyl and p- 
nitrophenyl sulphates were prepared by the method of 
Burkhardt & Lapworth (1926). Dipotassium 2-hydroxy-5- 
nitrophenyl sulphate was freed from impurities by re- 
crystallization of the monopotassium salt (Dodgson & 
Spencer, 1956). H,!8O of 1-4 atoms % excess was purchased 
from the Stuart Oxygen Company, San Francisco, Cali- 
fornia, U.S.A. 

Enzymes. Arylsulphatase C was prepared from rat-liver 
microsomes treated with Lissapol. To the microsomes 
obtained by the method of Schneider (1948) from 16 g. of 
rat liver was added 1 g. of Lissapol-N (Imperial Chemical 
Industries Ltd.), the volume made up to 25 ml. with ice- 
cold water and the whole adjusted to pH 9-8 with NaOH. 
After standing for half an hour at 0° the pH was lowered to 
7-5 with a drop of conc. HCl and the solution centrifuged at 
Gnax, 105 500 g for 1 hr. at 0°. The supernatant was poured 
off and acetone added to it to give a final concentration of 
80% (v/v). After standing for 15 min. at 0° to flocculate, 
the precipitated proteins were collected by vacuum filtra- 
tion, washed well with ice-cold acetone and dried in vacuo. 
When required for #80 studies a portion of the powder 
(250 mg.) was washed ( x 3) with 20 ml. of water by homo- 
genizing with a glass homogenizer and centrifuging at 
Guax, 3500g for 15min. The resulting precipitate was 
washed with 5 ml. of H,!8O on the centrifuge and the final 
precipitate suspended in 7 ml. of H,!8O to give a final 
volume of 10 ml. The arylsulphatase C so prepared was 
still slightly contaminated with the arylsulphatases A and 
B of the microsomal fraction. 

Acetone-dried cells of Alcaligenes metalcaligenes (2-9 g.) 
vere treated according to the directions of Dodgson, 
Melville, Spencer & Williams (1954) to give preparation B, 
except that the final powder was produced by freeze- 
drying rather than by precipitation with acetone. The 
freeze-dried powder was dissolved in 3-5 ml. of H,'*O 
immediately before use. 

Human arylsulphatase A was the freeze-dried prepara- 
tion 1 of Baum, Dodgson & Spencer (1958). In the experi- 
ments with 180 the dried material (30 mg.) was dissolved 
directly in the reaction mixture. 


Methods 


Briefly, the method adopted was to treat the aryl 
hydrogen sulphates with the hydrolytic agent in the 
presence of as high a concentration of H,!8O as possible. 
Samples (5yl.) of the reaction mixture were removed at 
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intervals and the extent of hydrolysis was assessed by 
spectroscopic measurement of the liberated phenols. When 
sufficient hydrolysis had taken place to ensure an adequate 
sample of BaSO, for measurements of 80, the reaction was 
stopped and the liberated sulphate precipitated as BaSQ,. 
Various washing procedures were employed in an attempt 
to avoid adsorption of contaminants on the precipitated 
BaSO,. 

In the acid hydrolysis, 80 mg. of NPS and APS or 
110 mg. of NCS was dissolved in 4 ml. of H,!8O contained in 
a 15 ml. tapered centrifuge tube, and 80 ul. of 10N-HCl was 
added. A portion (0-3 ml.) of the mixture was removed for 
estimation of the 18O content and the remainder heated on 
a boiling-water bath for 20min. Complete hydrolysis 
occurred under these conditions. After cooling, the reaction 
mixture was extracted with 5 ml. of ether ( x 3) to remove 
the liberated phenol. After the removal of the residual 
ether by a current of clean air, the liberated sulphate was 
precipitated by the addition of 3 ml. of 5% (w/v) BaCl,. 
The precipitate was sedimented on the centrifuge and 
washed ( x 4) with 7-5 ml. of water, followed by 10 ml. of 
ethanol ( x 2) and 10 ml. of ether. The washed BaSO, was 
dried over P,O; in vacuo for 2 days. A control, containing 
55 mg. of K,SO, instead of the aryl hydrogen sulphate, was 
incubated and treated identically. 

Alkaline hydrolysis was carried out by adding 320 mg. of 
NaOH and 160 mg. of NPS (or 55 mg. of K,SO, in the 
control experiment) to 4 ml. of H,!8O contained in a 15 ml. 
tapered centrifuge tube. After removal of 0-4 ml. of the 
reaction mixture for estimation of 18O the tube was heated 
in a boiling-water bath for 2 hr., which resulted in 90% 
hydrolysis. After cooling, the solution was made acid with 
1 ml. of 10N-HCl, extracted with ether and the BaSO, 
isolated as in the acid-hydrolysis experiments. 

The isolation of BaSO, after enzymic hydrolysis required 
the precipitation of protein with trichloroacetic acid before 
addition of BaCl, and the subsequent treatment of the 
BaSO, precipitate with NaOH in an attempt to remove 
adsorbed protein. To the reaction mixture after incubation 
was added the required volume of 30% (w/v) trichloro- 
acetic acid, to give a final concentration of 5%, due 
allowance being made for the buffer concentration and pH 
of the reaction mixture. The precipitated protein was 
removed by centrifuging and the supernatant shaken with 
5 ml. of ether, a slight scum forming at the ether—water 
interface. The aqueous layer was removed with a pipette 
(the scum being left behind) and extracted with 5 ml. of 
ether (x2). After removal of residual ether, 3 ml. of 5% 
(w/v) BaCl, was added, the precipitate collected by centri- 
fuging and washed with 7-5 ml. of water ( x 4). The BaSO, 
was then suspended in 5 ml. of 0-5m-NaOH, allowed to 
stand for 10 min., centrifuged and the supernatant re- 
moved. The precipitate was washed successively with 5 ml. 
of 0-5n-HCl, 5 ml. of water ( x3), 10 ml. of ethanol ( x 2) 
and 10 ml. of ether. The final precipitate was dried in vacuo 
over P,O, for 2 days. 

The compositions of the reaction mixtures in the 
enzyme experiments differed with each enzyme and as far 
as possible were designed to reproduce the optimum pH 
and substrate concentration for the particular enzyme and 
substrate concerned. For arylsulphatase C the reaction 
mixture contained 3 ml. of enzyme suspension in H,'*O 
containing 0-4g. of 2-amino-2-hydroxymethylpropane- 
1:3-diol and 5-7 mg. of NaF, the whole being adjusted to 
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pH 8 w ith a drop or two of acetic acid. A portion (0-3 ml.) 
of the mixture was removed for measurement of #80 and 
the remainder incubated at 37°. After 12hr., 30% 
hydrolysis of the NPS had occurred and 31% of NCS. The 
incubation was continued for a total of 23 hr., during which 
time 48% of the NPS and 45% of the NCS had been 
hydrolysed. Sodium fluoride was added to suppress aryl- 
sulphatase A and B activity (Dodgson, Svencer & Wynn, 
1956). 

The arylsulphatase of Alcaligenes metalcaligenes (1 ml.; 
see above) was added to 4 ml. of 0-02m-K,HPO, dissolved 
in H,8O and adjusted to pH 8-75 with a few crystals of 
KH,PO,. To this mixture was added 13mg. of NPS 
(0-0lm final concentration), 87 mg. of NCS (0-05m) or 
55mg. of K,SO,. Samples (0-3 ml.) were removed for 
analysis of 18O and the remainder was incubated at 37° for 
18hr. Further 30 mg. additions of NPS were made at 1, 2 
and 15 hr. and a single addition of 70 mg. of NCS at 2 hr. 
This procedure was adopted to avoid the complete in- 
hibition of the enzyme by excess of substrate which has 
been observed previously (Dodgson et al. 1954). The NPS 
was hydrolysed to the extent of 93%, and for NCS the 
figure was 59%. 

Human arylsulphatase A (30 mg.; see above) and 130 mg. 
of NPS (0-125m) were added to 4 ml. of 0-5m-sodium 
acetate in H,!8O and adjusted with a drop or two of acetic 
acid to pH 6. With NCS (174 mg., 0-125m) the pH was 
adjusted to 4-9. Controls containing 55mg. of K,SO, 
instead of the substrate were run at both pH values. After 
removal of samples (0-3 ml.) for analysis of 180 the reaction 
mixtures were incubated at 37° for 24hr., during which 
time 18% hydrolysis of NPS and 49% hydrolysis of NCS 
had occurred. 

Analyses. The extent of hydrolysis of APS, NPS and 
NCS was assessed by adding samples (5 pl.) of the reaction 
mixture to the appropriate volumes of 0-5n-NaQH and 
measuring the liberated p-hydroxyacetophenone at 
323 my (€g93 20 500), p-nitrophenol at 400 my (€g99 18 200) 
and 4-nitrocatechol at 515 mu (e;;; 11 200). Isotope ratios 
were determined on a mass spectrometer of the Nier type 
by Dr Mildred Cohn. The water of the reaction mixture was 
analysed for 180 in the form of CO, after equilibration with 
CO, for 2 days. The oxygen of the samples of BaSO, (less 
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than 20 mg. was required) was also measured as CO, after 
being converted into a mixture of CO, and CO in the manner 
described by Hoerring (1952). 


RESULTS 


Some slight exchange of %O between water and 
sulphate occurred in the control experiments, in 
which K,SO, was incubated with H,'*O under 
conditions identical with those used in the hydro- 
lysis of the aryl hydrogen sulphates (Table 1). The 
exchange of oxygen between water and sulphate is 
known to take place at a slow rate in neutral 
solution and at a faster rate in acid and alkali 
(Hoerring, 1952; Datta, Day & Ingold, 1937), and 
the presence of a maximum of 0-018 atom % excess 
18Q in the BaSOQ, isolated from the enzyme control 
experiments cannot therefore be regarded as 
showing any marked enzymic catalysis of oxygen 
transfer similar to that observed between phosphate 
and water in the presence of lobster-muscle strips 
(Stein & Koshland, 1952). 

The 180 contents of the samples of BaSQ, iso- 
lated after acid and enzymic hydrolysis of the aryl 
hydrogen sulphates (Table 1) were within 85-3 
98-4% of the theoretical values required for the 
splitting of the bond between the oxygen and 
sulphur atoms. The discrepancies between the 
experimental and theoretical values can probably 
be attributed to the adsorption of oxygen-contain- 
ing organic compounds on to the precipitated 
BaSO,, resulting in a dilution of the #*%O obtained 
after conversion of the oxygen of the sample into 
CO and CO,. This contamination of the sample was 
kept to a minimum by the use of stringent washing 
precautions designed particularly to 
protein and the liberated phenol. Some contamina- 
tion was undoubtedly due to adsorption by BaSO, 


of the unhydrolysed substrate and, indeed, the 


remove 


Table 1. Hydrolysis of aryl hydrogen sulphates in H,%*O 


Conen. of #80 (atom % excess) in BaSO, 


Cale. for 


: — Sulphate 

Type of hydrolysis Agent Substrate Found ArO:SO,H* Ar:OSO,H control 
Acid 0-2 n-HCl NPS 0-315 0-330 0 0-014 
NCS 0-316 0-330 0 0-014 
APS 0-325 0-330 0 0-014 
Alkaline 2n-NaOH NPS 0-210 0-333 0 0-014 
Enzymic, Type I Rat-liver NPS 0-224 0-244 0 0-002 
arylsulphatase arylsulphatase C NCS 0-208 0-244 0 0-002 
Arylsulphatase of NPS 0-267 0-333 0 0-010 
Alcaligenes metal- NCS 0-303 0-333 0 0-010 

caligenes 

Enzymic, Type II Human liver NPS 0-290 0-322 0 0-018 
arylsulphatase arylsulphatase A NCS 0-300 0-322 0 0-010 


* The calculated value is equal to one-quarter of atom % excess in the water of the reaction mixture. 
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samples of BaSO, isolated after enzymic hydro- 
lysis of NCS were coloured yellow, the colour of the 
unhydrolysed substrate. The BaSO, obtained after 
acid hydrolysis of NCS was not coloured, but in this 
case complete hydrolysis of the sulphate ester was 
achieved and the experimental %O value was 
95-8 % of the theoretical. The extremely low value 
for the #%O content of the BaSO, isolated after 
hydrolysis of NPS with the arylsulphatase of 
Alcaligenes metalcaligenes (80-2 % of the theoretical 
value for O-S cleavage) was due to accidental 
contamination of the BaSO, with dirt after the 
breakage of the centrifuge tube. Unfortunately, 
this experiment could not be repeated owing to 
lack of enzyme material, but since the enzymic 
reaction can be expected to cleave only one type of 
bond the high **O content of the barium sulphate in 
this case, although below the theoretical value, is 
certainly indicative of O-S cleavage. 

In the barium sulphate isolated after alkaline 
hydrolysis of NPS the 180 content was only 63 % of 
the theoretical amount required for O-S cleavage. 
So low a figure cannot be explained by adsorption 
of impurities on the precipitated BaSO,, particu- 
larly since there could be no protein contamination. 
Moreover, another portion of the isolated BaSO, 
did not lose weight after heating at 650° for 2 hr. 


DISCUSSION 
From Table 1 it is clear that acid hydrolysis of 
aryl hydrogen sulphates (APS, NPS, NCS) in- 
volves the cleavage of the O-S bond and pre- 
takes through attack by the 
electrophilic hydroxonium ion. These experimental 


sumably place 
findings confirm the original suggestion of Burk- 
hardt, Ford & Singleton (1936), based on the fact 
that aryl hydrogen sulphates do not show phenyl- 
ating properties similar to the alkylating properties 
of the alkyl sulphates, where cleavage of the C—O 
bond is indicated. The further suggestion of these 
workers that the alkaline hydrolysis of p-nitro- 
phenyl hydrogen sulphate is mediated through 
C—O bond cleavage is not wholly supported by the 
studies with 180. 
the p-nitrophenol liberated from potassium p- 
nitrophenyl hydrogen sulphate could be derived 
from C—O splitting. Adequate 
showed that this result could not be explained by 
transfer of the 80 from H,}8O to the liberated 
sulphate or vice versa, but the possibility that some 
transfer of #%O occurred 


bond controls 


between water and the 
NPS in alkaline solution before hydrolysis could 
not be ruled out. Further investigations on the 
the alkaline ary] 
hydrogen sulphates and particularly of the serum- 
and amino acid-catalysed alkaline hydrolyses 
(Dodgson & Spencer, 1957b) of NPS would ob- 


viously be of interest. 


mechanism of hydrolysis of 
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The point of cleavage of oxygen-bridge com. 
pounds in enzymic reactions may be deduced 
according to a generalization derived by Koshland 
& Stein (1954), if it is assumed that the reactions 
proceed by displacement mechanisms. This general. 
ization has been stated thus: ‘If the enzyme shows 
high specificity for the group R of the ROQ sub. 
strate and low specificity for the group Q, cleavage 
of the R—O bond occurs in the enzymatic reaction,’ 
Although the arylsulphatases have a high specificity 
towards the ary! group, in that they are not known 
to hydrolyse sulphate esters other than those of 
phenols, considerable latitude is observed in the 
substituents allowed in the benzene ring. Even the 
‘phenolic’ sulphate ester of kojic acid is attacked 
(Soda, Katura & Yoda, 1940). On the other hand, 
the specificity of these enzymes towards the 
sulphate group appears to be absolute. On these 
grounds it could be predicted from Koshland’s 
generalization that arylsulphatases would break 
the bond between the oxygen and sulphur atoms. 
Such, indeed, appears to be the case, for the results 
in Table 1 show that Type I and Type II aryl- 
sulphatases each catalyse the cleavage of the O-S 
bond of the aryl hydrogen sulphates, which are the 
specific substrates of both Type I and Type I 
enzymes. These results are in accord with Kos!- 
land’s generalization and may be taken to indicate 
that the of arylsulphatase action 
involves a displacement reaction. However, since 


mechanism 


the arylsulphatase reactions may be specific rather 
than belonging to a group to which a generalization 
may be applied, neither supposition is unequivocal. 

A hypothetical reaction mechanism was pro- 
posed by Dodgson, Spencer & Williams (1956) for 
the hydrolysis of aryl hydrogen sulphates by the 
Type I arylsulphatase of Alcaligenes metalcaligenes, 
based on the observed changes in Michaelis con- 
stant with pH and the effect of substituents in the 
aromatic ring of phenyl hydrogen sulphate on the 
K,, and V_.. 
(Scheme 1) involved a displacement reaction in 


of the enzyme. The scheme shown 


m 


which the sulphate group on the enzyme was dis- 
placed under attack by the electrophilic hydr- 


oxonium ion. The increased rate of hydrolysis of 


substrate resulting from the introduction of electro- 
philic substituents into the substrate was thought 


H-OH 
Ar*O°S0,°O +X" -E*Y Ar*0°SO,°0 
(+) 
a a 
Ar*OH + HO*S0O,°O7 HSO, +X EY 
(+) 
a 
ae: 
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Scheme 1 
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to be due to the greater stability of the product 
Ar-O, whereas the other product SO,*O was pre- 
sumed to be stabilized by the combination with 
the enzyme. The major assumption in the pro- 
posed that 
between the oxygen and sulphur atoms, and the 


mechanism was fission occurred 
present work with 40 has now shown this to 
be true. 


from Koshland’s generalization, i.e. 


Furthermore the supposition derived 
that a 
placement reaction is involved, is also in full 
It would appear that 
both Type I and Type II arylsulphatase functions 


dis- 
accord with this scheme. 


by displacement mechanisms and that the funda- 
mental difference between the two types of enzyme 
lies in the nature of their substrate-binding groups 
(cf. Dodgson & Wynn, 1958) rather than in the 
different mechanisms of breakdown of the enzyme 
substrate complexes. 

By analogy with the enzymes which split phos- 
phate esters (cf. Axelrod, 1956) and by considera- 
tion of the mechanism of the aryl hydrogen sulphate 
hydrolysis it is possible to state that if the aryl- 
sulphatases act as transferases they will catalyse 
the transfer of the sulphate group rather than that 
of the phenol. The transfer of sulphate from NPS to 
3':5’-diphosphoadenosine to give 
phosphate-5’-phosphosulphate (active sulphate) is 
known to take place under the influence of an 
enzyme obtained from mammalian livers, but there 


adenosine-3’- 


are several reasons for believing that none of the 
mammalian arylsulphatases already described can 
catalyse this reaction (Baum & Dodgson, 1958). 
Suzuki, Takahashi & Egami (1957) have observed 
the transfer of sulphate from NPS to carbohydrate 
the 
mucous glands ot Charonia lampas, and there is 


materials under influence of acetone-dried 
some evidence that arylsulphatases may be in- 
volved. These findings, although by no means un- 
equivocal, are the first hint that arylsulphatases 
may actually be involved in sulphate transfer. 
Attempts to demonstrate transfer of sulphate from 
NPS to a number of simple alcohols, sugars, 
choline and tyrosine in the presence of purified 
human arylsulphatase A or B have so far been un- 
successful (K.S. Dodgson & F. A. Rose, unpublished 
work). 


SUMMARY 


1. The hydrolysis of aryl hydrogen sulphates by 
acid, alkali and enzymes was carried out in H,1*O, 
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followed by isolation of the liberated sulphate and 
determination of its 4%O activity. 

2. Hydrolysis of monopotassium p-nitropheny] 
sulphate and dipotassium 2-hydroxy-5-nitropheny! 
sulphate by human-liver arylsulphatase A, 
liver arylsulphatase C, the arylsulphatase of 
Alcaligenes metalcaligenes and by acid resulted in 
cleavage of the O-S bonds. Only two-thirds of the 


rat- 


theoretical amount of #%O for O—-S cleavage was 
the after 
hydrolysis of p-nitro- 


found in barium sulphate isolated 


alkaline monopotassium 


pheny] sulphate. 


The author wishes to thank Dr Mildred Cohn for under- 
taking measurements with the mass spectrometer and for 
helpful discussion. 
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